











Figure 3.19. Location of the New Jerusalem Drainage District in the South Delta
(shaded area southeast of Tracy).
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4. Steady State vs. Transient Models for Soil Salinity

4.1. Steady-State Models

Steady-state analyses are simpler than transient-state analyses. The common
assumption is that with time, a transient system will converge into a steady-state case
and provide justification for steady-state analyses if crop, weather, and irrigation
management remain unchanged over long periods of time. This assumption is true
primarily at the bottom of the root zone. Shallow in the root zone, irrigations are applied
as a pulse that creates a “wave” action as the applied water moves down the soil profile.
The amplitude of the wave decreases with increased soil depth. Ultimately it dissipates
and soil water content is relatively constant at the bottom of the root zone. Because of
the dissipation of the irrigation wave, investigators have found that steady-state
analyses are excellent first approximations and over long time periods, if rainfall is taken
into account, provide acceptable results and do not require the vast amount of
information on irrigation amount and frequency, soil physical and chemical properties,
and crop evapotranspiration that are typically required for transient models.

At least five different steady-state models have been developed and published over the
past half century. These models are typically applied over a period of a year or a
number of years, assuming the storage of soil water and salt does not change over the
period of time in question; thus, steady-state is assumed. All of the steady-state models
considered here have been directed at solving for the leaching requirement. The
leaching requirement (L) is the smallest fraction of applied water (irrigation plus rainfall)
that must drain below the crop root zone to prevent any loss in crop productivity from an
excess of soluble salts. The amount of leaching necessary to satisfy the L, depends
primarily upon the salinity of the applied water and the salt tolerance of the crop. As the
leaching fraction decreases, the salt concentration of the soil solution increases as crop
roots extract nearly pure soil water leaving most of the salts behind. If the salt
concentration in the soil exceeds the crop’s salt tolerance threshold level (refer to Table
3.1), leaching is required to restore full crop productivity. Depending on the degree of
salinity control required, leaching may occur continuously or intermittently at intervals of
a few months to a few years. If leaching is insufficient, losses will become severe and
reclamation will be required before crops can be grown economically.

All steady-state and transient models are based upon mass balance of water and salt.
Thus for a unit surface area of a soil profile over a given time interval, inflow depths of
irrigation (D;) and effective precipitation (P.) minus outflows of crop evapotranspiration
(ET.) and drainage (D4) must equal changes in soil water storage (ADs). For steady-
state conditions:

ADg = D; + Pg —ET¢ — Dg = 0. (Eqn. 4.1)

The amount of salt leaving the soil by evapotranspiration and that applied in
precipitation are negligible. Thus, the change in mass of salt stored per unit area within
the root zone (AMs) for steady-state is given by

AMg = (C. X Di) — (Cd X Dd) =0. (Eqn 42)
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The salt concentration in the irrigation water is noted as C; and the salt concentration in
the drain water is represented by Cq4. Under steady-state conditions ADs and AMs are
zero. Therefore, the leaching fraction (L) at steady-state, defined as the ratio of water
leaving the root zone as drainage to that applied, D, = D; + Pq, or the ratio of salt applied
to salt drained, can be expressed as was given in Equation 3.5. The leaching
requirement (L;) can be expressed as presented in Equation 3.6.

Steady-state models have been proposed to relate EC4* to some readily available value
of soil salinity that is indicative of the crop’s leaching requirement. Bernstein (1964)
assumed EC4* to be the electrical conductivity of the soil saturation extract (EC,) at
which yield in salt tolerance experiments was reduced by 50 % (ECeso in Figure 4.1).
Bernstein and Francois (1973b) and van Schilfgaarde et al. (1974) contended that the
value of EC4* could be increased to the EC of soil water at which roots can no longer
extract water. Assuming the soil water content in the field to be half of the water content
of a saturated soil sample, the value of EC4* was proposed to be twice EC. extrapolated
to zero yield from salt tolerance data (2EC.o in Figure 4.1). Concurrently, Rhoades
(1974) proposed that EC4* could be estimated from EC4* = SECet — EC; in which ECy; is
the salt tolerance threshold (5EC.t — EC; in Table 4.1). A fourth model, proposed by
Rhoades and Merrill (1976) and Rhoades (1982), differentiates between infrequent and
high-frequency irrigations. The model calculates soil salinity based upon a 40-30-20-10
soil water extraction pattern by successively deeper quarter-fractions of the root zone.
The average soil salinity for conventional (infrequent) irrigations is taken as the linear-
average of the quarter-fraction values. This is the model utilized by Ayers and Westcot
(1976 and 1985). For high frequency irrigation, Rhoades assumed soil salinity is
weighted by crop water-uptake.

Hoffman and van Genuchten (1983) determined the crop water-uptake weighted salinity
by solving the continuity equation for one dimensional vertical flow of water through the
soil assuming an exponential soil water uptake function (Exponential in Table 4.1). Their
equation given as the crop water-uptake weighted salt concentration of the saturated
extract (C) is given by:

CICa=1/L+[8/(Zx L) xIn[L+(1=L)xexp ™. (Eqn. 4.3)

C.is the salt concentration of the applied water, L is the leaching fraction, Z is the depth
of the crop root zone, and § is an empirical constant set to 0.2xZ.

The resultant mean root zone salinity (C) for any given L was reduced by the mean root
zone salinity at an L of 0.5 because salt tolerance experiments were conducted at
leaching fractions near to 0.5. The amount of soil salinity at a crop’s salt tolerance
threshold does not have to be leached. This correction results in a reasonable
relationship between any given crop’s salt tolerance threshold, determined at an L of
about 0.5, and the salinity of the applied water as a function of L. The L, based on the
Hoffman and van Genuchten model can be determined from Figure 4.2 for any given
EC of the applied water and the crop’s salt tolerance threshold.
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Figure 4.1. Three of the salt tolerance variables used in various steady-state
models illustrated for tomatoes.
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Figure 4.2. Graphical solution (using exponential plant water uptake model) for
crop salt tolerance threshold (ECe) as a function of applied water salinity (ECaw)
for different leaching requirements (Hoffman and Van Genuchten, 1983).
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4.2. Transient Models

Transient models are designed to account for the time dependent variables
encountered in the field. These variables include switching crops with different salt
tolerances, variable irrigation water salinity, rainfall, multiple years of drought, timing
and amount of irrigation, multiple soil layers, crop ET, initial soil salinity conditions, and
other time dependent variables. Some basic concepts concerning transient models are
as follows. The water flow and salt transport equations are the basic concepts of
transient models (Equations 4.1 and 4.2 without ADs and AMs being set to zero). Water
flow, which takes into account water uptake by roots, is quantified by the Darcy-
Richards equation. Salt transport is calculated using the convection-dispersion equation
for a non-reactive, non-interacting solute. Solving the nonlinearity of these two
equations is typically accomplished by numerical methods that require high-speed
computers. Beyond these two basic equations, differences among models exist to
account for soil-water-plant-salinity interactions, such as water stress, bypass flow, salt
precipitation/dissolution, water uptake distribution, and evapotranspiration as a function
of plant size and soil salinity.

Letey and Feng (2007) listed the following factors that need to be considered when
evaluating transient models for managing irrigation under saline conditions. (1) Is the
appropriate water-uptake function for crops utilized? (2) Is there a feedback mechanism
between the soil-water status, plant growth, and transpiration? (3) Does the model allow
for extra water uptake from the non-stressed portion of the root zone to compensate for
reduced water uptake from the stressed portion of the root zone? (4) Does the model
account for possible salt precipitation or dissolution? (5) Have model simulations been
compared to field experimental results? The inclusion of these factors in each transient
model is given in the following discussion of each model.

In recent years, a number of transient models have been developed using complex
computer programs for managing irrigation where salinity is a hazard. These models do
not assume steady-state and frequently use daily values of applied water, drainage, and
crop evapotranspiration. Four of these models, called the Grattan, Corwin, Simunek,
and Letey models for short, will be discussed in terms of the principles employed, the
assumptions made, the factors considered, and the conclusions drawn. Other transient
models that have been proposed recently include: SALTMED (Ragab et al., 2005a,b),
SWAGMAN (Khan et al., 2003), and SDB (Sahni et al., 2007). These models are not
considered in this report.

Grattan Model

Isidoro-Ramirez et al. (2004), Grattan and Isidoro-Ramirez (2006), and Isidoro and
Grattan (in press) developed a model based upon the steady-state approach used by
Ayers and Westcot (1976 and 1985) and it relates EC; to the seasonal average root
zone salinity. The model proposed by Grattan and co-workers considers the timing and
quantity of applied irrigation water, the quantity and distribution of rainfall, and various
soil water factors based on soil texture. Like Ayers and Westcot (1976 and 1985), they
assumed a water uptake pattern of 40-30-20-10 % by quarter fractions down through
the crop root zone and that the average root zone salinity could be calculated by
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averaging the soil-water salinity at the soil surface and at the bottom of each quarter of
the root zone. A daily mass balance (water and salt) is calculated for each layer. The
inputs for the first layer are applied irrigation and rainfall and the outputs are the
drainage from layer 1 to layer 2 and evapotranspiration (ET) from the layer. For the
underlying layers, the only input is drainage from the overlying layer and the outputs are
the drainage to the underlying layer and ET from the layer. For the fourth and deepest
layer, the drainage represents the total drainage from the crop root zone. Important soil
properties in the model are the wilting point (WP), field capacity (FC), and total available
water (TAW) for the crop (TAW = FC — WP). The evapotranspiration of the crop (ET;) is
calculated for each soil layer using appropriate crop coefficient values (K;) and historical
reference evapotranspiration (ET,) data from Goldhamer and Snyder (1989). The
achievable ET. is calculated as ET. = K; x ET,. Between cropping seasons all ET (or
evaporation (E) since there is no crop) is assumed to take place from the upper soil
layer and bare soil surface evaporation (Es) is assumed to be relatively constant at
0.024 in./day or 0.7 in./month(MacGillivray and Jones, 1989). The latest version of this
model (Isidoro and Grattan, in press) provides a feedback mechanism to account for
different amounts of water stress between the soil layers and adjusts water uptake
among soil layers in response to water stress in each layer.

The model can be used to either quantify the extent by which an irrigation supply with a
given salinity would decrease the crop yield potential under site-specific conditions or
determine the maximum EC of an irrigation supply, which if used as the sole source of
irrigation water over the long term, is fully protective of crop production. This model was
used to evaluate site-specific conditions near Davis, CA. The specific goal was to
determine the maximum EC value for Putah Creek that would protect downstream
agricultural uses of the water. Bean was chosen for the analysis because it is potentially
grown in the downstream area and bean is salt sensitive, having a salt tolerance
threshold of EC. = 1.0 dS/m. They concluded that protecting bean would, in turn, protect
all other crops commonly grown in the area.

Isidoro-Rameriz and co-workers (2004) considered three scenarios:

1. No rainfall and an irrigation water having an EC; of 0.7 dS/m. Without rainfall, the
situation considered is similar to that of Ayers and Westcot (1985), no off-season ET
was assumed.

2. Calculate the maximum EC; to maintain EC. less than or equal to 1 dS/m using daily
rainfall for periods of record representing a five year period of low rainfall and a five
year period of average rainfall.

3. lIrrigation water with an EC; of 1.1 dS/m and 1.2 dS/m over an entire 53-year record
of rainfall.

The purpose of the first scenario was to compare their model with results obtained using
the approach of Ayers and Westcot by assuming no rainfall. The Grattan model
predicted that an EC; of 0.7 dS/m would result in an average seasonal soil salinity (ECs)
of 0.95 dS/m compared to 1.0 dS/m by Ayers and Westcot.
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The second scenario introduced rainfall while keeping all other factors and assumptions
the same as for scenario 1. The dry period (1953-1957) and an average rainfall period
(1963-1967) gave essentially the same results; namely that an EC; of 1.2 dS/m gave an
average seasonal soil salinity of 1.0 dS/m. They concluded that the results suggest
rainfall distribution plays a significant role in determining seasonal soil salinity.

In the third scenario when an EC; of 1.1 dS/m is considered over 53 years of rainfall
record (1951 to 2003), the Grattan model predicts a seasonal mean EC, of 0.94 dS/m.
Over the 53 years of record, bean yield is predicted to be reduced during only 3 years
with an EC; of 1.1 dS/m. Yield reductions would be 2, 4, and 6 % for the 3 years. These
predicted yield reductions are probably less than the error associated with the yield
threshold itself. With an EC; of 1.2 dS/m, the seasonal mean soil salinity was 1.02 dS/m,
while the range in seasonal EC, for individual years varied from 0.88 to 1.42 dS/m. For
the year with an average EC, of 1.42 dS/m, the yield reduction for bean would be 8 %.
Given these results, Grattan and co-workers concluded that an EC; of 1.1 dS/m would
be protective for bean, and thus would be protective for all other crops in the Davis
area.

When considering if the Grattan model satisfies the five factors given above from Letey
and Feng (2007) for transient models, the latest version of the model has a water
uptake function, provides for a feedback mechanism in response to water stress, and
adjusts the water uptake depending on stress. The model does not account for salt
precipitation or dissolution and no field verification of the model results has been
published.

Corwin Model

The TETrans model proposed by Corwin and colleagues (Corwin et al., 1991) is a
functional, transient, layer-equilibrium model that predicts incremental changes over
time in amounts of solute and water content occurring within the crop root zone.
Transport through the root zone is modeled as a series of events or processes within a
finite collection of discrete depth intervals. The sequential events or processes include
infiltration of water, drainage to field capacity, plant water uptake resulting from
transpiration, and/or evaporative losses from the soil surface. Each process is assumed
to occur in sequence within a given depth interval as opposed to reality where transport
is an integration of simultaneous processes. Other assumptions include: (1) the soil is
composed of a finite series of discrete depth intervals with each depth interval having
homogeneous properties, (2) drainage occurs through the profile to a depth-variable
field capacity water content, (3) the depletion of stored water by evapotranspiration
within each depth increment does not go below a minimum water content that will stress
the plant, (4) dispersion is either negligible or part of the phenomenon of bypass flow,
and (5) upward or lateral water flow does not occur.

Included within the Corwin model is a simple mechanism to account for bypass
(preferential) flow of applied water. Bypass is approximated using a simple mass-
balance approach by assuming that any deviation from piston flow for the transport of a
conservative solute is due to bypass flow (Corwin et al., 1991).
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With respect to satisfying the five factors proposed by Letey and Feng (2007), this
model performs well. The soil profile is divided into many depth intervals so ET can be
considered for many soil depth intervals. There is a feedback mechanism to prevent
transpiration to go below a water content that would stress the plant. The model does
not account for salt precipitation/dissolution but it does consider bypass flow. The model
was tested using data from the Imperial Valley of California.

Simunek Model

Simunek and co-workers developed a sophisticated mechanistic, numerical model
called UNSATCHEM. This model simulates the flow of water in unsaturated soils, along
with transport and chemical reactions of solutes, and crop response to salinity (Simunek
and Suarez, 1994). The model has submodels accounting for major ion chemistry, crop
response to salinity, carbon dioxide (CO;) production and transport, time-varying
concentration in irrigated root zones, and the presence of shallow groundwater. The
variably-saturated water flow is described using the Richard’s equation and the
transport of solutes and CO; is described using the convection-dispersion equation.
Root growth is estimated by using the logistic growth function and root distribution can
be made user-specific. Precipitation, evapotranspiration, and irrigation fluxes can be
specified at any user-defined time interval.

While the model was not developed to determine the L,, it can be altered to do so by
determining the minimum L that can be used under a specified set of soil, crop, and
management conditions while preventing losses in crop yield. The UNSATCHEM model
does not account for bypass flow but the complex transient chemical processes
included are salt precipitation and/or dissolution, cation exchange, and complexation
reactions as influenced by the CO, composition of the soil air, which largely controls the
soil pH, as well as sulfate ion association, which affects the solubility of gypsum.

The Simunek model satisfies the first and fourth factor listed by Letey and Feng (2007),
but it does not adjust the potential ET to account for reduced plant growth in response
to water stress, nor does it provide increased water uptake from non-stressed portions
of the root zone to compensate for decreased water uptake from stressed portions.
Comparisons between model-simulated crop yield and experimentally measured crop
yield has been reported for California’s Imperial Valley.

Letey Model
Letey and co-worker developed a transient model called ENVIRO-GRO (Pang and

Letey, 1998). The Letey model uses the Darcy-Richards equation to account for water
flow. This equation has a term to quantify water uptake by roots. In comparing water
uptake functions, Cardon and Letey (1992) concluded that the equation

S =Smax/ 1+ [(ah + 1) / T50]° (Eqn. 4.4)

was the best water uptake function to use in their model. The factors in equation 4.4
are: S is the root water uptake, Spmax is the maximum water uptake by a plant that is not
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stressed (potential transpiration), a accounts for the differential response of the crop to
matrix and osmotic pressure head influences and is equal to the ratio of 50 and h50
where 50 represents the values at which Spax is reduced by 50 %, h is the soil-water
pressure head, and 1T is the osmotic pressure head. This model satisfies all of the
factors listed by Letey and Feng (2007) except it does not account for salt
precipitation/dissolution. Model simulations on corn yield agreed well with experimental
data from an extensive field experiment conducted in Israel (Feng et al., 2003). The
model has recently been converted from a combination of several computer programs
to the C++ program.

4.3. Comparison of Leaching Requirement Models

Hoffman (1985) compared the five steady-state models described above with results
from seven independent experiments conducted to measure the leaching requirement
of 14 crops with irrigation waters of different salt concentrations. Bower, Ogata, and
Tucker (1969 and 1970) studied alfalfa, tall fescue, and sudan grass. Hoffman and
colleagues experimented on barley, cowpea, and celery (Hoffman and Jobes, 1983);
oat, tomato, and cauliflower (Jobes, Hoffman, and Wood, 1981); and wheat, sorghum,
and lettuce (Hoffman, et al., 1979). Bernstein and Francois (1973b) studied alfalfa and
Lonkerd, Donovan, and Williams (1976, unpublished report) experimented on wheat
and lettuce. Comparisons between measured and predicted leaching requirements by
these five steady-state models are given in Table 4.1.

The ECe50 model consistently over estimated the L, while the 2EC.o model consistently
under estimated. The 5EC.-EC; model gave reasonable estimates at low leaching
requirements, but over estimated severely at high leaching requirements. The
exponential model correlated best with measured values of L, but under estimated high
measured values of the L..

One of the main conclusions of Letey and Feng (2007) was that steady-state analyses
generally over predict the negative consequences of irrigating with saline waters. In
other words, the L, is lower than that predicted by steady-state models. Letey (2007)
made a comparison among steady-state models and concluded that the highest L, was
calculated with linear averaged soil salt concentrations, intermediate L, values occurred
with the 5EC4-EC; model, and the lowest L; was found with the water-uptake weighted
soil salt concentrations, the exponential model. This is confirmation that if a steady
model is to be used to evaluate a water quality standard, the exponential model is the
closest to the results from a transient model like the ENVIRO-GRO transient model
proposed by Letey (2007).
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Table 4.1. Comparisons of leaching requirement (L) predicted by five steady-
state models with experimentally measured leaching requirements for 14 crops
with various saline irrigation waters (Hoffman, 1985).

Data L, Prediction Using
40-30-
Crop L, EC; ECeso 2ECq 5EC-EC; | 20-10 Exp.

CEREALS

Barley 0.10 2.2 0.12 0.04 0.06 0.01 0.05
Oat 0.10 2.2 0.18 0.06 0.11 0.04 0.09
Sorghum 0.08 2.2 0.22 0.08 0.07 0.01 0.06
Wheat 0.07 1.4 0.11 0.03 0.05 0.03 0.04
Wheat 0.08 2.2 0.17 0.05 0.08 0.01 0.07
VEGETABLES

Cauliflower 0.17 2.2 0.31 0.09 0.25 0.22 0.18
Celery 0.14 2.2 0.22 0.06 0.32 0.34 0.20
Cowpea 0.16 2.2 0.24 0.08 0.10 0.03 0.09
Lettuce 0.26 2.2 0.43 0.12 0.51 0.72 0.24
Lettuce 0.22 1.4 0.27 0.08 0.27 0.36 0.18
Tomato 0.21 2.2 0.29 0.09 0.21 0.16 0.16
FORAGES

Alfalfa 0.20 2.0 0.18 0.05 0.15 0.16 0.13
Alfalfa 0.32 4.0 0.36 0.11 0.36 0.52 0.22
Alfalfa 0.06 1.0 0.11 0.03 0.11 0.09 0.09
Alfalfa 0.15 2.0 0.23 0.06 0.25 0.31 0.17
Barley 0.13 2.2 0.17 0.05 0.08 0.02 0.07
Cowpea 0.17 2.2 0.31 0.09 0.38 0.45 0.22
Fescue 0.10 2.0 0.17 0.05 0.17 0.17 0.13
Fescue 0.25 4.0 0.25 0.07 0.40 0.58 0.23
Oat 0.17 2.2 0.31 0.0 0.25 0.22 0.18
Sudan Grass 0.16 2.0 0.14 0.04 0.19 0.17 0.13
Sudan Grass 0.31 4.0 0.28 0.08 0.49 0.58 0.23

Corwin and coworkers compared the Corwin and Simunek transient models along with
the SEC¢-EC; and the WATSUIT steady-state computer models (Corwin et al., in press).
For their comparative analysis they selected a set of realistic conditions representative
of California’s Imperial Valley. Details describing the development of the data set from
available data sources can be found in Corwin et al. (2007). To estimate the L, for the
entire Imperial Valley they choose a single crop rotation that would be representative of
the Valley. From available records, it was found that the dominant crops grown in the
Valley during the period 1989-1996 were field crops with alfalfa as the most dominant
followed by wheat. Lettuce was the most dominant truck crop. Thus, they choose a 6-
year crop rotation of four years of alfalfa, followed by one year of wheat and one year of
lettuce. The EC of the irrigation water was taken as 1.23 dS/m (Colorado River water).
ET. values for alfalfa, wheat, and lettuce were assumed to be 5273 (4-year total), 668,
and 233 mm, respectively. Additional irrigation water was added to compensate for E
during the fallow periods and for the depletion of soil water that occurred during
cropping. Table 4.2 summarizes the L, predicted by the four methods.
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Table 4.2. Summary of leaching requirements (L) for California’s Imperial Valley
as estimated by two steady-state and two transient models. (Corwin et al., in

press).
Leaching Requirement
Crop or Cropping Period
Model Alfalfa Wheat Lettuce Crop Overall
Growth* Rotation*
Steady-State
5ECe — ECi 0.14 0.04 0.23 0.14 0.13
WATSUIT 0.09 0.03 0.13 0.09 0.08
Transient
TETrans <0.14 <0.04 <0.17 <0.13
UNSATCHEM <0.10 0.00 <0.13 <0.08

*Crop Growth refers to period included in crop simulation and Overall Rotation
includes entire rotation with fallow periods.

Using the area of every crop and an estimate of the L, for each crop by the SEC-EC;
model to obtain a valley-wide L based on the weighted average of the crop areas and
the leaching requirements, Jensen and Walter (1998) obtained a L, value of 0.14 for the
Imperial Valley. In comparison, field studies by Oster et al. (1986) showed a similar
steady-state estimate of L, of 0.12. The L, value obtained from Corwin et al. (2007) as
described above was 0.13. The three results are essentially the same.

The conclusions drawn by Corwin et al. (2007) are summarized in this paragraph.
Based on the results presented in Table 4.2, they noted that steady-state models over-
estimated L, compared to transient models, but only to a minor extent. The estimates of
L, were significantly reduced when the effect of salt precipitation with Colorado River
water was included in the salt-balance calculations, regardless of whether the model
was steady-state (WATSUIT) or transient (UNSATCHEM). The small differences in the
estimated L, between WATSUIT and UNSATCHEM shows that accounting for salt
precipitation under the conditions of the Imperial Valley was more important than
whether the model was a steady-state or transient model. This comparison suggests
that there are instances where steady-state models can be used as long as the steady-
state model accounts for all the dominant mechanisms such as bypass flow, salt
precipitation/dissolution reactions, plant water uptake, and perhaps other factors that
are affecting the leaching of salts and that few or no perturbations have occurred over a
long time period that would prevent essentially steady-state conditions. For instance, in
situations where salt precipitation/dissolution reactions are dominant and temporal
dynamic effects are minimal, L, could be adequately estimated using WATSUIT. Or, in
situations where irrigation water quality and amount minimizes the temporal dynamic
effects of plant water uptake, L, could be adequately estimated by the exponential
model.

Letey and Feng (2007) compared the SEC-EC; steady-state model and the ENVIRO-

GRO model using inputs from an Israeli field experiment on corn (Feng et al., 2003) for
yields of 85, 90, 95, and 100%. Only the results for 100 % yield are given in Table 4.3.
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The transient model estimates a lower L, than the steady-state model. The primary
reason for the over estimate of the L; is that the 5SEC-EC; model assumes that the
plants response to the linear average root zone salinity.

Table 4.3. Comparison of the calculated leaching requirement for a steady-state
model and the ENVIRO-GRO model based on the Israeli field experiment on corn
(Letey and Feng, 2007).

Leaching Requirement
Irrigation Salinity 5EC¢ — EC; steady- ENVIRO-GRO
dS/m state model transient-state model
1.0 0.14 <0.05
2.0 0.32 0.15

Strong evidence that the water quality standard could be raised was presented by Letey
(2007) based upon his comparisons between steady-state and transient models. The
following is nearly a direct quote from his publication. The reasons that the transient-
state analysis simulated a much lower irrigation amount than the steady-state approach
for a given yield (see Table 4.3) are as follows: The steady-state approach assumed
that the plant responded to the average root zone salinity that increased greatly as the L
decreased. However the major amount of water is extracted by plant roots from the
upper part of the root zone. Furthermore, the salt concentration at a given depth in the
field does not remain constant with time, but is continually changing. The salts become
concentrated by water extraction, but the irrigation water “flushes” the salts downward
thus reducing the concentration to a lower value at a given depth after irrigation. The
concentration immediately after irrigation near the soil surface would be close to the
concentration in the irrigation water. For most soils, the volumetric soil-water content
would be reduced by less than half between irrigations. (The practice of irrigating when
half of the soil water available to the plant has been extracted is a very typical irrigation
practice.) Thus the salts would concentrate by less than two between irrigations.
Therefore as a general guideline, a water with a salt concentration equal to the Maas
and Hoffman threshold value (see Table 3.1) can be used and irrigated with a relatively
low L. This conclusion is based on the fact that the Maas and Hoffman coefficients are
on the basis of EC¢ which is about ECs,/2. The soil-water can therefore be concentrated
by a factor of two without exceeding the threshold value.

Based upon Letey’s reasoning, the water quality standard could be raised to 1.0 dS/m.
This is predicated on the salt tolerance of bean being selected to protect all crops in the
South Delta. Since the salt tolerance threshold for bean is 1.0 dS/m the water quality
standard could be 1.0 dS/m.
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5. Steady-State Modeling for South Delta
5.1. Model Description

5.1.1. Steady-State Assumptions

The models, developed specifically for the South Delta, begin with the equations
presented in Section 4.1. At steady state the inputs of irrigation (l) and precipitation (P)
must equal crop evapotranspiration (ET.) plus drainage (D) (see Equation 4.1 presented
as depths of water). Furthermore, the amount of salt entering the crop root zone must
equal the amount leaving (refer to Equation 4.2). The time frame chosen for the model
is yearly and the inputs and outputs are annual (water year, October 1% through
September 30") amounts. Being steady-state models, change in soil water storage and
salt mass are assumed to not change from one year to the next. In addition, the steady-
state models are one-dimensional, vertical direction only, and do not account for soil
permeability. The steady-state models assume no crop water stress and that fertility is
adequate and insects and diseases are avoided. The dissolution of salts from the root
zone (5 to 10% of the salts leaving the bottom of the root zone from Section 3.11) is not
considered in the steady-state model. Also the model is not capable of determining
intra-seasonal salinity or double or inter-row cropping. These modeling deficiencies,
however, can be addressed by using transient models.

5.1.2. Cropping Assumptions

Three crops were modeled: bean because it is the most salt sensitive crop in the South
Delta with any significant acreage; alfalfa, a perennial crop, was used to set the current
salinity objective for the time of the year not governed by bean; and almond because it
is a salt sensitive, perennial tree crop. The salt tolerance threshold for bean is an EC, of
1.0 dS/m (refer to Table 3.1). In the model the salinity of the soil water (ECsy) is used.
Thus, for ease in comparison, the threshold value for bean is an ECs, of 2.0 dS/m. This
assumes the relationship ECsy = 2 x EC,. The salt tolerance threshold for alfalfa is an
ECe of 2.0 dS/m or an ECs,, of 4.0 dS/m. For almond the threshold is an EC, of 1.5
dS/m or an ECs,, of 3.0 dS/m.

Based upon the publication of Goldhamer and Snyder (1989), beans in the San Joaquin
Valley are planted from April 1 until as late as mid-June and harvested as early as the
end of July until the end of September. Bean was modeled for the three planting shown
in the Goldhamer and Snyder report: April 1, May 1, and June 16. For ease in
calculations in the model it is assumed that there is no double cropping and that the soill
surface is bare from harvest until planting. The model could be used to evaluate bean
followed by a second crop or a multi-year crop rotation if desired.

The model was also run for a mature crop of alfalfa assuming seven cuttings per year.
Seven is probably the most harvests possible, depending upon weather and possible
management decisions only six cuttings may be made. Assuming seven harvests,
requires more irrigation water to satisfy crop ET and leaching than six cuttings so a
lower salinity objective might be required than for six cuttings.
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A mature almond orchard was also modeled. With almond being more salt sensitive
than alfalfa, the salinity objective might be lower for almond than alfalfa when bean is
not the controlling crop.

5.1.3. Crop Evapotranspiration

Crop water requirements are normally expressed as the rate of evapotranspiration
(ET.). The level of ET. is related to the evaporative demand of the air above the crop
canopy. The evaporative demand can be expressed as the reference
evapotranspiration (ET,) which predicts the effect of climate on the level of crop
evapotranspiration of an extended surface of a 4 to 6 inch-tall cool season grass,
actively growing, completely shading the ground, and not short of water.

One of the more simple and accurate equations to estimate ET, is the Hargreaves
equation (Hargreaves and Allen, 2003). The equation can be written as

ET, = 0.0023 x R, x (TC + 17.8) x TR**® (Eqn. 5.1)

where R, is the extraterrestrial radiation, TR is the difference between the mean
maximum and minimum daily temperatures in degrees Celsius, and TC is the average
of the maximum and minimum daily temperature in degrees Celsius.

Values of ET, are calculated with the Hargreaves equation using temperature data from
the National Climate Data Center (NCDC) station #8999 (Tracy-Carbona) and then
compared with ET, calculated by the Penman-Monteith equation based upon data
collected at the California Irrigation Management Information System (CIMIS) station
#70 near Manteca in Figure 5.1. The Penman-Monteith equation is generally
considered the most comprehensive and accurate equation to estimate ET,. However,
the CIMIS station has a short historical record compared to the 57 years of temperature
and precipitation data at the NCDC Tracy-Carbona station. The longer historical record
is used in our steady-state analysis; thus, the Hargreaves equation was employed in the
model for the years 1952 to 2008. The data in Figure 5.1 shows excellent agreement
between the Hargreaves and the Penman-Monteith equations. This excellent
comparison validates the use of the Hargreaves equation. Figure 5.2 shows the
location of the NCDC #8999, Tracy-Carbona and CIMIS #70 Manteca stations.

The evapotranspiration of a crop (ET.) can be estimated by multiplying the ET, value by
a crop coefficient (K;) that accounts for the difference between the crop and cool-
season grass. A crop coefficient actually varies from day to day depending on many
factors, but it is mainly a function of crop growth and development. Thus, K. values
change as foliage develops and as the crop ages. Crop growth and development rates
change somewhat from year to year, but the crop coefficient corresponding to a
particular growth stage is assumed to be constant from season to season. Daily
variations in ET; reflect changes in ET, in response to evaporative demand. The
equation to calculate crop evapotranspiration is

ETe = Ko X ETo. (Eqn. 5.2)
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Figure 5.1. Monthly reference evapotranspiration (ETo) calculated with the
Hargreaves equation plotted against CIMIS ETo calculations with the Penman-
Monteith equation; using Manteca CIMIS #70 climate data from January 1988
through September 2008.
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Figure 5.2. Location map for NCDC #8999, Tracy-Carbona and CIMIS #70 Manteca

weather stations.
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The crop coefficient for annual crops is typically divided into four growth periods as
shown in Figure 5.3 for bean (Goldhamer and Snyder, 1989). The four growth periods
for annual crops are initial growth, rapid growth, midseason, and late season. Growth is
reflected by the percentage of the ground surface shaded by the crop at midday. For
annual crops, the K. dates correspond to: A, planting; B, 10 % ground shading; C, 75 %
or peak ground shading; D, leaf aging effects on transpiration; and E, end of season.
Figure 5.3 shows the K. values for bean with a planting date of May 1and the dates
when each growth stage changes.

Figure 5.3. Crop coefficients (Kc) for different growth and development periods
of bean with May 1st planting date (Goldhamer and Snyder, 1989) used in steady-
state modeling.
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The crop coefficients for alfalfa are presented in Figure 5.4 assuming seven harvests.
Note in Figure 5.4 that on the day that alfalfa is cut K; drops from 1.2 to 0.4 and after a
few days increases rapidly to 1.2 as the crop grows. Cuttings are typically made every
28 to 30 days after the first spring cutting.

Figure 5.4. Crop coefficients (Kc) for different growth and development periods
assuming 7 cuttings per year of alfalfa (adapted from Goldhamer and Snyder,
1989 and SDWA input) used in steady-state modeling.
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The crop coefficients are plotted in Figure 5.5 for almond. The non-growing season for
almond was taken as November 10 until February 15 as reported by Goldhamer and
Snyder (1989). It was assumed that there was no cover crop. If a cover crop was grown
in the almond orchard, ET. for the cover crop would have to be added to ET, for almond
to determine the irrigation requirements in the models.

Figure 5.5. Crop coefficients (Kc) for the different growth and development
periods of almond (Goldhamer and Snyder, 1989) used in steady-state modeling.

1.0
Peak canopy development
0.9 —
C
0.8 | P
E 0.7 Leaf aging effects
S 06 -
O Leaf out End of season
£ 05 B/ o ——\E
S 04 -
o
© 0.3 -
@)
0.2
Off-season Off-season
0.1 - —~—
00 i 1 1 1 1 1 1 1 1 1 i
Jan Apr Jul Oct Jan
Month of Year

74



5.1.4. Precipitation

To maximize the time period for the model, precipitation records were taken from the
NDCD at the Tracy-Carbona Station. Rainfall records are presented by water years
(October of previous year through September of the stated water year) from 1952
through 2008.

For bean, the rainfall amounts were divided between the amount during the growing
season from planting to harvest (Pgs) and the remainder of the year (Png). For alfalfa,
all precipitation was assumed to be effective because there was always a crop present.
The non-growing season for almond was November 10 until February 15.

It was also assumed that all rainfall occurring during the growing season was consumed
by evapotranspiration for all three crops. The reasons for this assumption are given in
Section 3.5.2. The amount of rainfall during the growing season (Pgs) for bean never
exceeded 4.1 inches and the median was only 1.2 inches over the 57 years of rainfall
record. For almond the median amount of rainfall during the growing season (Pgs) was
5.1 inches with the maximum being 10.5 inches and the minimum being 1.0 inch. Thus,
if some runoff occurred it would generally be insignificant.

During the non-growing season the rate of surface evaporation (Es) was taken as 0.7
inches per month as discussed in Section 3.5.2. This value was also used in the Grattan
model for the watershed near Davis, CA. For bean with a 3.5-month growing season,
surface evaporation (Es) would total 6.0 inches for the 8.5 months of the year without a
crop. On a yearly basis, the evapotranspiration for bean was added to the 6.0 inches of
Es to obtain one of the outputs from the root zone. The values for ET¢, and Pgs, for
bean planted on May 1 are plotted in Figure 5.6 and listed in Table 5.1 for water years
1952 to 2008. Perr is Pgs + (Png - Es) and is also listed in Table 5.1. Pgs is taken as
contributing to ET¢ and Png is reduced annually by Es or 6.0 inches per year. As
reported in Table 5.1 for bean, in only 4 years of the 57 years of record was Pgrr
negative (1960, 1964, 1972 and 1976) which means that stored water had to be used to
satisfy Es. This result is similar to Figure 3.11 which shows that non-growing season
precipitation (Png) is less than surface evaporation for 7 of the 57 years. Surface runoff
was assumed to be zero for the reasons stated in Section 3.5.2. Thus, all of the
precipitation and irrigation is assumed to infiltrate the soil surface and be available for
surface evaporation, crop evapotranspiration, or leaching.

The annual evapotranspiration (ET¢) for alfalfa and almond from 1952 until 2008 is also
shown in Figure 5.6 along with the annual growing season precipitation for both alfalfa
and almond. Note as alfalfa is growing at some level all year, the associated annual
growing season precipitation is equal to the total measured annual precipitation (Py).
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Figure 5.6. Comparison of crop evapotranspiration (ETc) estimate for bean,
alfalfa, and almond against total precipitation during the corresponding growing
season (Pgs) with precipitation data from NCDC station no. 8999, Tracy-Carbona
for water years 1952 through 2008. Note that Pgs for alfalfa is equal to total
precipitation for the year.
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5.1.5. Steady-State Models

As discussed in Sections 3.9 and 4.1, there are two crop water uptake distribution
models that appear to be appropriate to calculate the average soil salinity. One
distribution assumes a 40-30-20-10 uptake distribution by quarter fractions of the root
zone and the other assumes an exponential uptake distribution. These patterns are
described in detail in Section 3.9. Although the exponential pattern agrees the best with
experimental results (see Section 4.1), both are used in this modeling effort because the
40-30-20-10 pattern is used in several models.

The equations used in the model to calculate the average ECsy for both water uptake

distributions are given in Table 5.2. Both equations use EC; when precipitation is
ignored and ECaw when rainfall is considered.
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Table 5.1. Output from the steady-state models both 1) without precipitation and 2) including precipitation
(all equations defined in Table 5.2) with precipitation data from NCDC Tracy-Carbona Station #8999 and crop
evapotranspiration coefficients from Goldhamer & Snyder (1989) for beans with May 1st planting date.

Input Variables

ECi=1.0

L=0.15

Mode! Output

1) without precipitation 2) with precipitation
Water .
Year Pr Pne Es Pss  Pere | ETc I ECswa1  ECswot l2 ECaw.2 | ECswaz ECswp2
(in.) (in.) (in.) (in) (in.) (in.) (in.) @S/m)  (dS/m) (in.) (ds/m) | (dS/m) (dS/m)

1952, 13.5 135 6.0 0.1 7.5 21.0 247 3.18 2.46 17.2 0.69 2.24 1.71
1953 7.6 7.0 6.0 0.6 1.6 211 24.8 3.18 2.46 23.2 0.93 2.97 2.300
1954 6.1 53 6.0 0.8 01 21.3 25.0 3.18 2.46 249 1.00 3.17 2.45
1955 10.9 10.0 6.0 0.8 4.9 20.7] 243 3.18 2.46 194 0.80 2.54 1.97
1956 13.2 121 6.0 1.0 7.2 21.0 247 3.18 2.46 17.6 0.71 2.26 1.75
1957 8.8 7.0 6.0 1.9 2.8 21.6 25.4 3.18 2.46 22.6 0.89 2.82 2.19
1958 16.0 15.0 6.0 1.0 10.0 20.2 23.7 3.18 2.46 13.7 0.58 1.83 1.42
1959 79 79 6.0 0.0 1.9 22.3] 26.3 3.18 2.46 244 0.93 2.95 2.28
1960 5.1 4.9 6.0 0.1 -0.9 22.8] 26.8 3.18 2.46 27.7 1.03 3.29 2.55
1961 7.8 75 6.0 0.3 1.8 22.3 26.3 3.18 2.46 245 0.93 2.96 2.29
1962 8.7 8.7 6.0 0.0 28 21.3 25.1 3.18 246 22.3 0.89 2.83 2.19
1963 9.1 9.0 6.0 0.1 31 20.2 23.8 3.18 2.46 20.7 0.87 276 2.14
1964 5.9 51 6.0 0.8 -0.1 20.7] 244 3.18 2.46 245 1.00 3.19 2.47|
1965 10.5 9.9 6.0 05 45 20.6 242 3.18 2.46 19.7 0.81 2.59 2.00]
1966 75 71 6.0 0.4 15 21.3] 25.1 3.18 246 236 0.94 2.99 2.3
1967 12.2 1.7 6.0 05 6.2 21.6 255 3.18 246 19.3 0.76 2.41 1.86
1968 11.5 11.2 6.0 0.3 55 21.7] 256 3.18 246 201 0.78 2.50 1.93
1969 13.2 13.2 6.0 0.0 7.3 20.8 245 3.18 2.46 17.2 0.70 224 1.73
1970 7.6 7.0 6.0 0.7 1.6 221 25.9 3.18 2.46 243 0.94 298 2.31
1971 1.4 10.6 6.0 0.8 54 21.5 253 3.18 2.46 19.8 0.78 2.50 1.93
1972 4.2 39 6.0 0.3 -1.8 225 264 3.18 2.46 28.2 1.07 3.39 2.63
1973 157 15.7 6.0 0.0 9.8 22.5 26.5 3.18 2.46 16.7 0.63 2.01 1.55
1974 114 11.0 6.0 0.4 54 21.6 255 3.18 2.46 20.0 0.79 2.50 1.94
1975 10.0 9.9 6.0 0.1 4.0 21.4 25.1 3.18 2.46 211 0.84 2.67 2.07|
1976 58 57 6.0 0.1 -0.1 20.5] 241 3.18 2.46 242 1.01 3.20 2.48
1977 74 54 6.0 2.0 14 211 24.8 3.18 2.46 23.4 0.94 3.00 2.32
1978 123 12.3 6.0 0.1 6.3 211 248 3.18 2.46 18.5 0.74 237 1.83
1979 9.6 9.4 6.0 0.2 36 214 25.2 3.18 2.46 216 0.86 273 2.11
1980, 114 10.8 6.0 0.6 54 19.8 23.2 3.18 2.46 17.9 0.77 244 1.89
1981 7.2 71 6.0 0.1 12 224 26.3 3.18 2.46 25.1 0.95 3.03 2.34
1982 16.2 15.9 6.0 0.3 10.2 20.1 236 3.18 2.46 134 0.57 1.81 1.40
1983, 21.3 21.2 6.0 0.1 15.3 19.3 227 3.18 2.46 7.4 0.32 1.03 0.80
1984 9.2 9.2 6.0 0.0 3.2 22.0] 25.8 3.18 246 226 0.88 2.79 2.16|
1985] 13.1 124 6.0 07 71 21.6 255 3.18 2.46 18.4 0.72 2.29 1.78
1986 13.3 13.0 6.0 0.3 7.3 21.3] 250 3.18 2.46 17.8 0.71 2.26 1.75
1987| 6.7 6.6 6.0 0.1 0.7 211 248 3.18 2.46 241 0.97 3.09 2.39
1988| 8.4 7.2 6.0 1.2 24 21.3] 25.0 3.18 246 226 0.90 2.87 2.22
1989 7.7 7.5 6.0 0.2 1.7 21.1 248 3.18 246 23.1 0.93 2.96 2.29
1990 7.3 4.4 6.0 3.0 1.4 21.5] 253 3.18 246 23.9 0.95 3.01 2.33
1991 7.7 7.1 6.0 0.6 1.7 21.0 247 3.18 246 23.0 0.93 2.96 2.29
1992 11.8 11.7 6.0 0.1 5.8 211 248 3.18 2.46 19.0 0.77 244 1.89
1993 17.9 15.8 6.0 2.1 12.0 20.8] 245 3.18 2.46 125 0.51 1.63 1.26
1994 10.1 7.7 6.0 2.4 4.2 221 25.9 3.18 2.46 21.8 0.84 2.67 2.07
1995 14.9 14.2 6.0 0.7 8.9 20.4 240 3.18 2.46 15.1 0.63 2.00 1.55
1996 15.7 14.5 6.0 1.2 9.7 22.6 26.5 3.18 2.46 16.8 0.63 2.02 1.56)
1997| 12.9 12.3 6.0 0.7 7.0 19.9 234 3.18 246 16.4 0.70 223 1.73}
1998 21.4 18.5 6.0 29 15.4 19.6 231 3.18 2.46 7.7 0.33 1.05 0.82
1999 11.7 109 6.0 0.8 57 20.1 23.7 3.18 2.46 18.0 0.76 2.41 1.87
2000 104 9.9 6.0 0.5 4.4 204 24.0 3.18 2.46 19.5 0.82 2.60 2.01
2001 10.1 10.1 6.0 0.0 42 211 248 3.18 2.46 20.6 0.83 2.65 2.05
2002 11.0 10.7 6.0 03 5.0 21.1 24.8 3.18 2.46 19.8 0.80 2.54 1.97
2003 10.3 10.0 6.0 0.3 4.4 21.0] 247 3.18 2.46 20.3 0.82 2.62 2.03
2004 10.9 10.7 6.0 0.2 49 20.4 24.0 3.18 2.46 19.1 0.80 2.53 1.96
2005 18.6 17.9 6.0 0.8 12.7 19.9 235 3.18 2.46 10.8 0.46 1.46 1.13
2006 14.6 13.9 6.0 0.7 8.6 21.5] 25.3 3.18 2.46 16.7 0.66 210 1.62
2007 8.6 8.6 6.0 0.0 26 20.8 245 3.18 2.46 21.9 0.89 2.84 2.20
2008 11.7 1.7 6.0 0.0 5.7 20.0 23.5 3.18 2.46 17.8 0.76 2.41 1.87|

Median: 10.5 10.0 6.0 0.4 4.5 21.1)f 24.8 3.18 2.46 20.0 0.81 2.59 2.00}
Max: 21.4 21.2 6.0 3.0 15.4 22.8" 26.8 3.18 246 282 1.1 3.39 2.63|
Min: 4.2 3.9 6.0 0.0 -1.8 19.3 227 3.18 2.46 7.4 0.32 1.03 0.80]

77




1 1

MO | G2 T—[(G)dX0x (T-T) + 1)Ul « 2o ) F |7 )|=¢ ™03
°13-(##3d+2)  (013x6'0)- (d+7) (LI x20)-(d+2) (21T x¥0) - (333d +7)) |

G+ + + + + MV [=2-emsH]
(F3d +21)«MmvD3  (3H3d +7]) x MVO (33d +7]) » MvO3 (#3d +7]) » MO |

(%1 +#93d) /103 X ¢ = MYD3T (%] + FH34 paulquiod) Jarem paijdde jo Auijes = MVH3
3434 - [(7-T) /°L3] = ¢ :(uonendioaid Joy Hunnunoaae) 7 urelurew o1 palinbal uolrebiLl JO Junowe = ?|

:Jeak Jayem Jepnaiyed e 104

(Uonendioaid Jo Uonelapisuod buipnjoul) suonenby aye1S-Apeals

7 n
D3 x| 7522 T—[(G)dX0 % (1-T) + 1)Ul « =0 )\ 7 )|=F 03
°013-7 (213%6°0)-U  (°13x20)-1 (213 «¥0)-1 ]
G+ + + + +103 |=1-MmsD]
] %'03 | %'03 ] 4'03 1 %'03 |

(-1) /2L3 =Y :(uonendioaid Buipnjoxs) 21 3 [e10] UsAIB ] pawnsse AJsiies 01 palinbais uonebLul = 7|

:Jeak Jayem Jepnaiyed e 1o+
(uonendidoaid Jo uoneIspIsuod INOYNAM) Suoenb a1e1S-Apesis

(1eak 1a1em parels Jo uoseas Bulmolb 10y [e101) 86T J9pAUS 79 Jaweyp|o) Jad paje|ndjed se uoneaidsueliodens doio |e101 =913
(53 — ONQ) + S94 = #4394 :a1aym uonendidaid aAndaye |el10) = 3434

(686T ‘18pAus 79 Jaweyp|09 AQ paulwislsp salep) uosess Buimolb ay) burinp uonedioaid [ejo) = o4

(uoseas Buimolb s, Jeak Jarem pajels Jo Buluuibag 01 snoiAsid JO pus WOy “ow/ul Q) uoljelodeAs 82epIns UoSeas-4Jo |el0) = S3
(686T ‘18pAus 79 Jaweyp|09 AQ paulwisiap Salep) uosess Buimoib-uou ay) burinp uoieldiosid [e10) = ONg

uonendioald jenuue [e10] =14

(uondwnsse indur) Ajuifes Jayem uonebLul =93

(uondwnsse 1ndut) uonoely bulyoes| = 7

Sa|qerie Induj

‘S|apow ae1s-Apeals ayl Joj suoenba pue sajgeliea indul jo uoniulyag 'z's ajgel

78



5.2. Model Results

5.2.1. Bean

An example of the calculated irrigation amounts and the soil water salinity values for 57
water years is given for the May 1 planting date in Table 5.1. Values are presented for
both water uptake distributions with and without precipitation. The example is for model
input variables of EC; = 1.0 dS/m and L = 0.15. The input values for total, growing
season, and non-growing season precipitation, off season evaporation, and crop
evapotranspiration for the 57 water years are also given in Table 5.1. The model was
run over a range of EC; values from 0.5 to 2.0 dS/m, with L = 0.15, 0.20, and 0.25.

Results from the exponential model are summarized in Table 5.3 for the three planting
dates and corresponding crop coefficients given by Goldhamer and Snyder (1989) for
the San Joaquin Valley. Also shown in Table 5.3 are the median values for soil salinity
to compare with the salt tolerance threshold for bean. Note that the planting date has no
impact on the soil salinity values for either an EC; of 0.7 or 1.0 dS/m. Soil salinity values
are given for three leaching fractions (0.15, 0.20, and 0.25). As expected, the higher the
leaching fraction, the lower the soil salinity. Based upon the leaching fractions
calculated from the effluent from subsurface drainage systems, Section 3.13.2, no
leaching fractions below 0.15 were modeled for bean. No median values reported in
Table 5.3 exceeded the salt tolerance threshold for bean.

The results given in Table 5.3 are the median values for the median annual rainfall of
10.5 inches. If the rainfall is below 10.5 inches the soil salinity may exceed the salt
tolerance threshold. Figure 5.7 shows the impact of rainfall on the average soil salinity
for an EC;of 0.7 dS/m for both the 40-30-20-10 model and the exponential model for
leaching fractions of 0.15, 0.20, and 0.25. For the 40-30-20-10 model, regardless of the
amount of annual rainfall the bean threshold is not exceeded if the leaching fraction is
higher than 0.20. However, as the rainfall drops below 7 inches the threshold is
exceeded and some yield loss would occur for a L of 0.15. For the exponential model no
yield loss would occur even if the annual rainfall total is 4 inches if the leaching fraction
is higher than 0.15. Thus, there is basically no risk for a loss in bean yield if EC; is 0.7
dS/m.

Figure 5.8 shows the modeling results when EC; is 1.0 dS/m. In this scenario, bean
yield losses occur even at the median rainfall for the 40-30-20-10 model except at a
leaching fraction of 0.25. At the five percentile for rainfall, about 6 inches, the yield loss
would be 11, 7, and 3% for leaching fractions of 0.15, 0.20, and 0.25, respectively,
using equation 3.1. In contrast, the exponential model would predict no yield loss for
leaching fractions above 0.20. For 15% leaching and at the five percentile for rainfall,
yield loss would be 5% using the exponential model. Thus, there is some risk of bean
yield loss when annual rainfall is low but the worse case would be a yield loss of 11% at
a leaching fraction of 0.15 and using the 40-30-20-10 model. Almost no risk is predicted
with the exponential model.
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Table 5.3. Comparison of growth stage coefficients and dates for the three
plantings of dry beans presented in Goldhamer and Snyder (1989) and

corresponding exponential model output (median ECswp-2) at L = 0.15, 0.20, and
0.25 with ECi = 0.7 and 1.0 dS/m.

April 1st Planting Date

Growth Stage Kc
Initial Growth 0.14

Rapid Growth 0.14 to 1.15
Mid-Season 1.15
Late Season 1.151t0 0.30

Dates
April 1 thru 30th
April 30 to May 25
May 25 to June 29
June 29 to July 31

May 1st Planting Date

Growth Stage Kc
Initial Growth 0.14

Rapid Growth 0.14 to 1.12
Mid-Season 1.12

121 Days Total

Dates
May 1 to 18th
May 18 to June 8

June 8 to July 12

Late Season 1.121t0 0.35 July 12 to August 15

June 16th Planting Date

Growth Stage Kc
Initial Growth 0.13

Rapid Growth 0.13 to 1.07
Mid-Season 1.07

106 Days Total

Dates
June 16 to July 1
July 1 to July 26

July 26 to Sept. 2

Late Season 1.07 to 0.20 Sept. 2 to Sept. 30

106 Days Total
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Median ECswo-2

L=0.15 |L=0.20 |L=0.25
EC,=0.7 dS/m 1.38 0.97 0.68
EC,;=1.0 dS/m 1.98 1.38 0.98
Median ECswb-2
L=0.15 |L=0.20 |L=0.25
EC,=0.7dS/m 1.40 0.98 0.69
EC,;=1.0 dS/m 2.00 1.40 0.99
Median ECswo-2
L=0.15 |L=0.20 |L=0.25
EC,=0.7dS/m 1.36 0.95 0.67
EC,; =1.0 dS/m 1.95 1.36 0.96




Figure 5.7. Average soil water salinity (ECsw) vs. total annual rainfall for bean
with leaching fractions ranging from 0.15 to 0.25 and irrigation water (EC;) = 0.7
dS/m using both 40-30-20-10 and exponential crop water uptake functions
(precipitation from NCDC station no. 8999, Tracy-Carbona - water years 1952
through 2008) .

a) with 40-30-20-10 crop water uptake function
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* As discussed in Section 4.1, the average soil water salinity was reduced by the soil salinity at 50%
leaching for the exponential model. 81



Figure 5.8. Average soil water salinity (ECsw) vs. total annual rainfall for bean
with leaching fractions ranging from 0.15 to 0.25 and irrigation water (EC;) = 1.0
dS/m using both 40-30-20-10 and exponential crop water uptake functions
(precipitation from NCDC station no. 8999, Tracy-Carbona - water years 1952
through 2008) .
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* As discussed in Section 4.1, the average soil water salinity was reduced by the soil salinity at 50%
leaching for the exponential model. 82



The results for median and minimum precipitation values are shown in Figure 5.9 with
relative bean yield shown as a function of irrigation water salinity. The dashed lines
assume minimum precipitation from the NCDC Tracy- Carbona station and the solid
lines are for median precipitation. First, the average of the threshold point for L=0.15
and 0.20 with the 40-30-20-10 approach and minimum precipitation shows that an ECi
of about 0.7 dS/m could be used without bean yield loss. This is in general agreement
with the analysis of Ayers and Westcott (1976), which assumed no precipitation. When
considering median precipitation with the 40-30-20-10 approach, EC; increases to 0.77
dS/m at L=0.15 and 0.92 dS/m for a L of 0.2 as the threshold. The model results for the
exponential water uptake distribution gives a permissible EC;of 0.80 dS/m ata L of 0.15
with minimum precipitation without bean yield loss. Considering median precipitation at
a L of 0.15, EC; at the bean threshold is 1.0 dS/m. EC; using the exponential model
could be increased even further if the leaching fraction is increased above 0.15.

Figure 5.10 presents the relative crop yield for bean with L = 0.15 at ECi = 0.7 and 1.0
dS/m against total annual rainfall using both 40-30-20-10 and exponential crop water
uptake functions. This is useful for visualizing how the relative yield is distributed
around the median value as a function of annual precipitation. As shown in Figure 5.10
the exponential model shows no reduction in bean yield regardless of precipitation for
an EC; = 0.7 dS/m and a yield reduction of 6 % with the lowest recorded precipitation at
an EC; = 1.0 dS/m.
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Figure 5.9. Relative bean yield (percent) as a function of irrigation water salinity
(ECi) with a) L =0.15 and b) L = 0.20 assuming median precipitation (solid lines)
and minimum precipitation (dashed lines) from NCDC station no. 8999, Tracy-
Carbona - water years 1952 through 2008.
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Figure 5.10. Relative crop yield (%) for bean with L =0.15at EC; =0.7 and 1.0

dS/m vs. total annual rainfall using both 40-30-20-10 and exponential crop water
uptake functions (precipitation from NCDC station no. 8999, Tracy-Carbona -
water years 1952 through 2008).
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5.2.2. Alfalfa

Bean is only a 3.5 to 4-month long crop, so the question arises as to what the salinity
objective might be for the remainder of the year. Alfalfa is currently used for the salinity
objective for the time of the year when bean is not used so it was modeled using the two
water uptake distributions used for bean. Alfalfa is more salt tolerant than bean (EC. of
2.0 versus 1.0 dS/m). In Table 5.4, the total precipitation is taken as effective rainfall
and ET. is calculated using the crop coefficients shown in Figure 5.4.

Alfalfa is frequently grown on clay soils which have a low infiltration rate; less than 0.2
inches/hour. In addition, alfalfa has a high water requirement with an annual
evapotranspiration of 50 inches (see Table 5.4). Thus, it can be difficult to meet the high
demand for evapotranspiration plus additional water for leaching. To investigate this
scenario, leaching fractions of 0.07 and 0.10 were modeled in addition to leaching
fractions of 0.15 and 0.20 that were tested for bean. Example results shown in Table 5.4
are for an EC; of 1.0 dS/m and a leaching fraction of 0.10 is probably a worst-case
scenario. A L of 0.10 is a worst-case scenario because the lowest L calculated from
subsurface drainage systems in Section 3.13.2 was 0.11. Also at leaching fractions
below 0.10 both models predict high values of soil salinity, which if experienced for
significant periods of time, would result in large yield losses for alfalfa.

Similar to Figures 5.7 and 5.8 for bean, Figures 5.11 and 5.12 shows the impact of
annual rainfall on soil salinity. Figure 5.11 shows the impact of leaching fraction from
0.07 to 0.20 on soil salinity as a function of annual rainfall for both models assuming an
EC; of 1.0 dS/m. Soil salinity remains below the threshold for alfalfa for both models
except at a L of 0.07 when annual rainfall is below the median. Figure 5.12 is the same
as Figure 5.11 except an EC; of 1.2 dS/m is used. At an EC; of 1.2 dS/m both models
predict alfalfa yield loss at a L of 0.07 for all but the wettest years. Some vyield loss is
also predicted at a L of 0.10 for the drier years. Since a L of 0.11 was the lowest L
calculated from subsurface drainage systems, an EC; of 1.2 dS/m would protect alfalfa
production except in the very dry years where a yield loss of 2 % would be predicted.

Similar to Figures 5.9 and 5.10 for bean, Figures 5.13 and 5.14 below show the relative
yield of alfalfa as a function of irrigation water salinity (EC;) and total annual precipitation
(Pr), respectively. Note that the yield impact curve calculated using the 40-30-20-10
and exponential water uptake functions are nearly identical at L = 0.10. In general the
two uptake functions generate similar results at lower leaching fractions, and gradually
divergent results as L increases. Model results shown in Figure 5.13 for median rainfall
indicates that at a L of 0.10 both models predict a loss in alfalfa yield beginning at an
ECiof 1.0 dS/m but at a L of 0.15 no yield loss occurs until EC; surpasses 1.3 dS/m for
the exponential model.

As a result of these model predictions, no yield loss would occur for alfalfa if the L is
0.10 or higher regardless of annual rainfall amounts for an EC; of 1.0 dS/m. If an EC; of
1.2 dS/m is assumed with a L of 0.10 no yield loss would occur for rainfall above the
median and the yield for the driest year would be about 98% using the 40-30-20-10
model and 99% using the exponential model.
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Table 5.4. Output from the steady-state models both 1) without precipitation and 2) including precipitation
(ali equations defined in Table 5.2) with precipitation data from NCDC Tracy-Carbona Station #8999 and
alfalfa crop evapotranspiration coefficients (modified Goldhamer & Snyder, 1989).

Input Variables

Model Output

[ EG=10 ] I L=o010 ]
1) without precipitation 2) with precipitation
Water ‘
Year Py Pns Es Pes  Perr | ETc It ECswa1 ECswbt Iz ECaw2 | ECswa2 ECswp2
(in.) {in.) (in.) {in.) (in.) (in.) (in.) (dS/m) _ (dS/m) (in.) (dS/m) | (@S/m) _ (dS/im)

1952 135 0.0 0.0 135 13.5| 50.6 56.2 4.11 3.79 42.7 0.76 312 2.88
1953 7.6 0.0 0.0 7.6 7.6] 502 55.7 4.11 3.79 48.1 0.86 3.55 3.27
1954 6.1 0.0 0.0 6.1 6.1 50.8 56.4 4.11 3.79 50.4 0.89 3.67 3.38
1955 10.9 0.0 0.0l 109 109| 494 54.9 4.1 3.79 44.0 0.80 3.29 3.04
1956 13.2 0.0 0.0 13.2 13.2] 502 55.8 4.1 3.79 42.6 0.76 3.14 2.89
1957 8.8 0.0 0.0 8.8 8.8] 497 55.2 4.11 3.79 46.4 0.84 3.45 3.18
1958(f 16.0 0.0 0.0 16.0 16.0| 49.0 54.4 4.1 3.79 384 0.71 2.90 2.67
1959 7.9 0.0 0.0 7.9 79} 623 58.1 4.1 3.79 50.2 0.86 3.55 3.27
1960 5.1 0.0 0.0 51 5.1 52.8 58.7 4.11 3.79 53.6 0.91 3.75 3.46
1961 7.8 0.0 0.0 7.8 7.8 51.0 56.6 4.11 3.79 48.9 0.86 3.54 3.27
1962 8.7 0.0 0.0 8.7 8.7f 502 55.8 4.1 3.79 471 0.84 3.46 3.19
1963 9.1 0.0 0.0 9.1 9.1 47.8 53.1 4.11 3.79 44.0 0.83 3.40 3.14
1964 59 0.0 0.0 59 59| 50.5 56.2 4.1 3.79 50.3 0.90 3.68 3.39
1965 10.5 0.0 0.0f 105 10.5] 49.0 54.4 4.11 3.79 44.0 0.81 3.32 3.06
1966 75 0.0 0.0 7.5 7.5 523 58.1 411 3.79 50.7 0.87 3.58 3.30
1967) 12.2 0.0 00| 122 122] 504 56.0 4.11 3.79 43.9 0.78 3.21 2.97
1968, 11.5 0.0 0.0 11.5 11.5] 51.5 57.2 4.1 3.79 45.7 0.80 3.28 3.03
1969 13.2 0.0 0.0 13.2 13.2f 504 56.0 4.11 3.79 42.7 0.76 3.13 2.89
1970 76 0.0 0.0 7.6 76| 523 58.1 4.11 3.79 50.5 0.87 3.57 3.29
1971 11.4 0.0 0.0 11.4 11.4f 501 55.6 4.1 3.79 442  0.80 3.26 3.01
1972 4.2 0.0 0.0 4.2 42| 530 ' 588 4.11 3.79 54.6 0.93 3.81 3.52
1973 18.7 0.0 0.0 15.7 16.7] 514 57.1 4.1 3.79 41.4 0.72 2.97 2.74
1974 114 0.0 0.0 114 114 518 57.5 4.11 3.79 46.1 0.80 3.29 3.04
1975 10.0 0.0 0.0 10.0 10.0{ 49.5 55.0 4.11 3.79 45.1 0.82 3.36 3.10
1976 5.8 0.0 0.0 5.8 58] 496 55.2 4.1 3.79 49.3 0.89 3.67 3.39
1977 74 0.0 0.0 7.4 7.4} 501 55.7 4.1 3.79 48.3 0.87 3.56 3.28
1978 12.3 0.0 0.0 12.3 12.3] 489 543 4.1 3.79 42.0 0.77 3.18 2.93
1979 . 9.6 0.0 0.0 9.6 9.6] 50.2 55.7 4.1 3.79 46.2 0.83 3.40 3.14
1980 11.4 0.0 00| 114 11.4] 485 53.8 4.11 3.79 425 0.79 3.24 2.99
1981 7.2 0.0 0.0 7.2 7.2 519 57.7 411 3.79 50.5 0.88 3.59 3.31
1982 16.2 0.0 0.0 162 16.2] 478 53.1 4.11 3.79 36.9 0.70 2.86 2.63
1983 21.3 0.0 0.0] 213 21.3] 452 50.2 4.11 3.79 28.9 0.58 2.36 218
1984 9.2 0.0 0.0 9.2 9.2 524 58.2 4.1 3.79 49.0 0.84 3.46 3.19
1985) 13.1 0.0 0.0 13.1 13.1 50.5 56.1 4.1 3.79 43.0 0.77 3.15 2.91
1986 13.3 0.0 0.0 13.3 13.3}] 50.0 55.6 4.1 3.79 42.3 0.76 3.13 2.88
1987 6.7 0.0 0.0 6.7 6.7 51.5 57.2 4.1 3.79 50.6 0.88 3.63 3.35
1988 8.4 0.0 0.0 8.4 8.4] 524 58.2 4.114 3.79 49.7 0.86 3.51 3.24
1989 7.7 0.0 0.0 7.7 771 50.2 55.7 4.11 3.79 48.1 0.86 3.54 3.27,
1990 7.3 0.0 0.0 7.3 7.3] 506 56.2 4.1 3.79 48.9 0.87 3.57 3.29
1991 7.7 0.0 0.0 7.7 7.7{ 50.8 56.4 4.1 3.79 48.7 0.86 3.55 3.27
1992 11.8 0.0 0.0 11.8 11.8| 563.3 59.2 4.1 3.79 47.4 0.80 3.29 3.03
1993 17.9 0.0 0.0f - 179 179} 50.6 56.2 4.11 3.79 38.3 0.68 2.80 2.58
1994 10.1 0.0 0.0 10.1 10.1 52.4 58.2 4.1 3.79 48.1 0.83 3.39 3.13
19951 14.9 0.0 0.0 149 149 492 54.7 4.11 3.79 39.8 0.73 2.99 2.76
1996( 15.7 0.0 0.0f 157 15.7] 525 58.3 4.1 3.79 426 0.73 3.00 2.77
1997 129 0.0 00| 129 129 506 56.3 4.11 3.79 433 0.77 3.16 2.92
1998 214 0.0 00 214 214| 483 53.6 4.1 3.79 322 0.60 247 2.28
1999 117 0.0 0.0 1.7 11.7] 493 548 4.1 3.79 43.1 0.79 3.23 2.98
2000 104 0.0 0.0 104 10.4| 50.0 55.5 4.11 3.79 45.1 0.81 3.34 3.08
2001 10.1 0.0 0.0 10.1 10.1 50.9 56.6 4.1 3.79 46.4 0.82 3.37 3.1
2002 11.0 0.0 00| 110 11.0] 500 555/ 4.1 3.79 446 0.80 3.30 3.04
2003 10.3 0.0 0.0 10.3 10.3f 50.1 55.6 4.1 3.79 453 0.81 3.34 3.08
2004 10.9 0.0 0.0 10.9 10.9f 50.3 558 4.1 3.79 45.0 0.81 3.31 3.05
2005 18.6 0.0 0.0 18.6 18.6| 48.1 53.4 4.114 3.79 34.7 0.65 2.67 2.46
2006 146 .00 0.0 14.6 146 499 55.4 4.1 3.79 40.9 0.74 3.03 2.79
2007 8.6 0.0 0.0 8.6 86| 502 55.7 4.1 3.79 47.2 0.85 3.48 3.21
2008 11.7 0.0 0.0 11.7 11.7}  50.2 55.7 4.11 3.79 44.0 0.79 3.25 2.99
Median:|| 10.5 0.0 00[f 105 10.5] 50.2 55.8 4.11 3.79 45.1 0.81 3.32 3.06
Max: 214 0.0 00/ 214 214] 533 59.2 4.1 3.79 54.6 0.93 3.81 3.52
Min: 4.2 0.0 0.0 4.2 4.2] 45.2) 50.2 4.11 3.79 28.9 0.58 2.36 2.18
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Figure 5.11. Average soil water salinity (ECsw) vs. total annual rainfall for
alfalfa with leaching fractions ranging from 0.07 to 0.20 and irrigation water
(EC;) = 1.0 dS/m using both 40-30-20-10 and exponential crop water uptake
functions (precipitation from NCDC station no. 8999, Tracy-Carbona - water
years 1952 through 2008).

a) with 40-30-20-10 crop water uptake function
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* As discussed in Section 4.1, the average soil water salinity was reduced by the soil salinity at 50%
leaching for the exponential model.
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Figure 5.12. Average soil water salinity (ECsw) vs. total annual rainfall for
alfalfa with leaching fractions ranging from 0.07 to 0.20 and irrigation water
(EC;) = 1.2 dS/m using both 40-30-20-10 and exponential crop water uptake
functions (precipitation from NCDC station no. 8999, Tracy-Carbona - water
years 1952 through 2008).
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* As discussed in Section 4.1, the average soil water salinity was reduced by the soil salinity at 50%
leaching for the exponential model. 89



Figure 5.13. Relative alfalfa yield (percent) as a function of irrigation water
salinity (ECi) with a) L =0.10 and b) L = 0.15 assuming median precipitation
(solid lines) and minimum precipitation (dashed lines) from NCDC station no.

8999, Tracy-Carbona - water years 1952 through 2008.
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Figure 5.14. Relative crop yield (%) for alfalfa with L =0.10 at EC; = 1.0 and 1.2

dS/m vs. total annual rainfall using both 40-30-20-10 and exponential crop water
uptake functions (precipitation from NCDC station no. 8999, Tracy-Carbona -
water years 1952 through 2008).
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5.2.3. Almond

To test a more salt sensitive, perennial crop than alfalfa, almond was chosen. The crop
coefficients shown in Figure 5.5 were used to calculate ET.. The non-growing season
for almond was taken as November 10 to February 15 as reported by Goldhamer and
Snyder (1989). It was assumed that there was no cover crop. The input variables for
almond are given in Table 5.5. This table also gives the soil salinity values for both
models with and without rainfall for the case where EC; is 1.0 dS/m and the leaching
fraction is 0.10.

As shown in Figure 5.15, soil salinity is below the salt tolerance threshold for almond for
leaching fractions as low as 0.10 assuming an EC; of 0.7 dS/m regardless of the amount
of annual precipitation for both models. As shown in Figure 5.16, for an EC;of 1.0 dS/m
losses of almond yield occurs at a L of 0.10 when rainfall totals are below the median
value. For median and minimum amounts of annual rainfall, almond yield as a function
of irrigation water salinity is presented in Figure 5.17. For the exponential model, the
yield threshold is predicted at an EC; of 0.9 dS/m for a L of 0.10 and an EC; of 1.4 dS/m
for a L of 0.15. Yield losses for almond as a function of annual precipitation for both
models is given in Figure 5.18 with L = 0.10. As an example, a yield loss of 6% is
predicted for the driest year by the exponential model assuming an EC; of 1.0 dS/m.

Thus, employing the exponential model, an EC; of 1.0 dS/m would protect almond from
yield loss if the L is 0.10 for all annual rainfall above the median but the yield loss would
be 6% for the driest year. A L of 0.15 would prevent yield loss for an EC;of 1.0 dS/m
regardless of rainfall amount.
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Table 5.5. Output from the steady-state models both 1) without precipitation and 2) including precipitation (all
equations defined in Table 5.2) with precipitation data from NCDC Tracy-Carbona Station #8999 and aimond
crop evapotranspiration coefficients from Goldhamer & Snyder (1989).

fnput Variables Model Output
[EC=10 ] [ T=o010 ]
1) without precipitation 2) with precipitation
Water
Year Pr Pne Es Pes  Perr | ETe l4 ECswa1 ECswopi I2 ECaw2 | ECswaz ECswbo
(in.) (in.) (in.) (in.) (in.) (in) (in.) (dS/m) (dS/m) (in.) (dS/m) (dS/m) (dS/m)

1952 13.5 8.4 22 52 11.3] 434 47.9 4.11 3.79 36.6 0.76 3.13 2.89
1953 7.6 5.0 2.2 26 54| 423 47.0 4.11 3.79 41.6 0.89 3.64 3.35
1954 6.1 21 22 4.0 3.8] 429 476 4.11 3.79 43.8 0.92 3.77 3.48
1955 109 56 22 52 8.7 424 47.1 4.11 3.79 38.5 0.82 3.35 3.09
1956| 13.2 9.6 22 3.6 10.9] 425 472 4.11 3.79 36.3 0.77 3.15 2.91
1957 8.8 24 22 6.5 6.6] 421 46.8 4.11 3.79 40.2 0.86 3.53 3.26
1958| 16.0 5.9 22| 101  13.8f 413 459 4.1 3.79 321 0.70 2.87 2.65
1959 7.9 28 22 5.1 571 442 491 411 3.79 43.4 0.88 3.63 3.35
1960 5.1 4.0 2.2 1.0 28 447 49.7 4.11 3.79 46.8 0.94 3.87 3.57
1961 7.8 46 22 3.1 5.5 43.2 48.0 411 3.79 425 0.89 3.63 3.35
1962 8.7 6.4 2.2 2.3 6.5] 43.0 47.7 411 3.79 41.2 0.86 3.54 3.27
1963 9.1 44 2.2 46 6.9/ 40.0 445 411 3.79 37.6 0.85 3.47 3.20
1964 5.9 31 2.2 2.8 371 422 46.9 4.1 3.79 43.2 0.92 3.78 3.49
1965 10.5 53 22 5.1 8.2 41.5 46.1 4.1 3.79 37.8 0.82 3.37 3.1
1966 7.5 6.2 22 1.3 5.3 445 49.5 4.1 3.79 44.2 0.89 3.67 3.39
1967|| 12.2 6.8 2.2 54 10.0| 427 47.5 4.1 379 375 0.79 3.24 2.99
1968 11.5 52 22 6.3 9.3] 435 48.3 4.11 3.79 39.0 0.81 3.32 3.06
1969 13.2 7.4 2.2 59 11.0] 429 47.7 4.11 3.79 36.7 0.77 3.16 2.91
1970 7.6 4.5 2.2 3.1 54| 441 49.0 4.11 3.79 436 0.89 3.65 3.37
1971 11.4 7.0 2.2 4.4 92| 427 474 411 3.79 38.2 0.81 3.31 3.05
1972 4.2 29 22 1.4 2.0 451 50.1 4.11 3.79 48.1 0.96 3.94 3.64
1973|| 1571 102 2.2 55 13.5] 441 49.0 4.11 3.79 355 0.72 2.98 2.75
1974 11.4 5.1 2.2 6.3 9.2] 438 48.7 4.11 3.79 39.5 0.81 3.33 3.07
1975 10.0 4.0 22 6.0 7.8 42.0 46.6 41 3.79 38.9 0.83 342 3.16
1976 5.8 1.3 2.2 4.6 36| 41.2 457 4.11 3.79 421 0.92 3.78 3.49
1977 7.4 22 2.2 5.2 52| 420|| 466 411 3.79 41.5 0.89 3.65 3.37
1978 123 7.2 22 51 101 416 46.2 411 3.79 36.1 0.78 3.21 2.96
1979 9.6 5.1 22 4.5 7.3 427 47.4 411 3.79 40.1 0.85 3.47 3.20
1980) 11.4 4.8 22 6.6 9.2 407 45.2 4.11 3.79 36.0 0.80 3.27 3.02
1981 7.2 34 22 3.8 5.0 44.0 48.9 4.1 3.79 43.9 0.90 3.69 3.40
1982 16.2 58 22} 103 139 404 44.9 411 3.79 31.0 0.69 2.83 2.61
1983l 21.3| 10.8 227 105 19.1] 38.5 427 4.11 3.79 237 0.55 2.27 2.10
1984 9.2 6.7 22 2.5 7.0] 442 49.1 4.11 3.79 421 0.86 3.52 3.25
1985 13.1 7.1 22 6.0 10.8] 423 47.0 4.11 3.79 36.2 0.77 3.16 2.92
1986)f 13.3 58 2.2 75 11.0 425 47.2 4.11 3.79 36.2 0.77 3.15 2.90
1987 6.7 46 22 21 45| 436 48.4 4.1 3.79 44.0 0.91 3.73 3.44
1988 84 4.8 22 3.6 6.2| 437 48.5 4.11 3.79 42.3 0.87 3.58 3.30
1989 7.7 4.0 22 36 54| 4256 474 4.1 3.79 41.9 0.89 3.64 3.35
1990, 7.3 24 22 5.0 51| 43.0 47.8 4.1 3.79 427 0.89 3.67 3.38
1991 7.7 31 2.2 46 55| 426 474 4.11 3.79 419 0.88 3.63 3.35
1992ff 11.8 6.3 22 5.5 9.6] 451 50.1 4.11 3.79 40.5 0.81 3.32 3.06
1993 17.9] 103 22 76 15.7] 423 471 4.11 3.79 314 0.67 2.74 2.52
1994f 10.1 5.0 22 52 7.9 439 48.8 4.11 3.79 409 0.84 3.44 3.17
1995 14.9 8.8 22 6.1 127} 415 46.1 4.11 3.79 334 0.73 2.98 2.75
1996 157 9.3 22 64 13.5] 449 499 4.11 3.79 364 0.73 3.00 2.76
1997 129 106 22 24 10.7] 42.5 47.2 4.11 3.79 36.5 0.77 3.18 2.93
1998l 21.4| 129 22 85 19.2] 404 449 4.11 3.79 25.7 0.57 2.35 217
1999 11.7 5.8 22 5.8 9.5 41.0 456 411 3.79 36.1 0.79 3.25 3.00]
2000 10.4 49 22 5.5 8.2] 416 46.3 4.11 3.79 38.1 0.82 3.38 3.12
2001ff 101 34 22 6.7 7.9] 428 47.5 411 3.79 396 0.83 3.42 3.16
2002 11.0 76 22 33 8.8] 424 47.1 411 3.79 38.3 0.81 3.34 3.08
2003 10.3 56 22 47 8.1 417 46.4 411 3.79 38.2 0.82 3.39 3.12
2004f 10.9 5.1 22 58 8.7] 428 47.5 4.11 3.79 38.9 0.82 3.36 3.10
2005 18.6 8.9 22 9.7 16.4| 403 448 4.11 3.79 284 0.63 2.60 2.40
2006 14.6 6.3 22 83 124 418 46.5 4.1 3.79 341 0.73 3.01 2.78
2007 8.6 5.7 2.2 29 6.4 421 46.8 4.1 3.79 404 0.86 3.55 3.27
2008 11.7 9.8 2.2 1.9 9.5] 39.3 43.7 4.11 3.79 34.2 0.78 3.22 2.97

Median:] 10.5 5.6 2.2 5.1 8.2 425 47.2 4.11 3.79 38.9 0.82 3.37 3.1
Max:)| 214] 129 22] 105 1921 451 50.1 4.11 3.79 48.1 0.96 3.94 3.64
Min: 4.2 1.3 2.2 1.0 2.0] 38.5 42.7 4.11 3.79 23.7 0.55 2.27 2.10}
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Figure 5.15. Average soil water salinity (ECsw) vs. total annual rainfall for
almond with leaching fractions ranging from 0.10 to 0.20 and irrigation water
(EC;) = 0.7 dS/m using both 40-30-20-10 and exponential crop water uptake

functions (precipitation from NCDC station no. 8999, Tracy-Carbona - water

years 1952 through 2008) .

a) with 40-30-20-10 crop water uptake function
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* As discussed in Section 4.1, the average soil water salinity was reduced by the soil salinity at 50%

leaching for the exponential model.
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Figure 5.16. Average soil water salinity (ECsw) vs. total annual rainfall for

almond with leaching fractions

ranging from 0.10 to 0.20 and irrigation water

(EC;) = 1.0 dS/m using both 40-30-20-10 and exponential crop water uptake
functions (precipitation from NCDC station no. 8999, Tracy-Carbona - water

years 1952 through 2008) .

a) with 40-30-20-10 crop water uptake function
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* As discussed in Section 4.1, the average soil water salinity was reduced by the soil salinity at 50%

leaching for the exponential model.
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Figure 5.17. Relative almond yield (percent) as a function of irrigation water
salinity (ECi) with a) L =0.10 and b) L = 0.15 assuming median precipitation
(solid lines) and minimum precipitation (dashed lines) from NCDC station no.
8999, Tracy-Carbona - water years 1952 through 2008.
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Figure 5.18. Relative crop yield (%) for almond with L =0.10 at EC,; = 0.7 and 1.0

dS/m vs. total annual rainfall using both 40-30-20-10 and exponential crop water
uptake functions (precipitation from NCDC station no. 8999, Tracy-Carbona -
water years 1952 through 2008).

a) with 40-30-20-10 crop water uptake function
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6. Summary & Conclusions

This portion of the report is divided into two sections. The first section summarizes the
information on irrigation water quality, soil types and location of saline and shrink/swell
soils, crop surveys, salt tolerance of crops, effective rainfall, irrigation methods and their
efficiency and uniformity, crop water uptake distribution, climate, salt precipitation /
dissolution in soil, shallow groundwater, and leaching fraction. The second section
draws conclusions on published steady-state and transient models, compares model
results with experimental or field results, and draws conclusions from the results of the
steady-state models developed in Section 5 using data applicable to the South Delta.

6.1. Factors Influencing a Water Quality Standard

The quality of water in the San Joaquin River from 1990 to 2006 as measured at
Vernalis and the quality in South Old River at Tracy Bridge over the same time period
averages about 0.7 dS/m and ranges from 0.1 to 1.4 dS/m. The average level of salinity
in the irrigation water is suitable for all agricultural crops. Based on analyses of these
waters for various salt constituents, neither sodicity nor toxicity should be a concern for
irrigated agriculture except for the possible concern of boron exceeding the threshold for
bean and possibly other crops.

Review of the 1992 SCS Soil Survey indicates that clay and clay loam soils are
predominant in the southwestern portion of the South Delta, organic soils are minimal in
area and are restricted to the northern section, and loam soils are dominate in the
remainder of the South Delta. Saline soils were identified in 1992 on about 5 % of the
irrigated land. Sodic soils were not reported. The Soil Survey also identified a number of
soils that have a high potential to shrink and swell. These shrink/swell soils occupy
nearly 50 % of the irrigated area. However, based on a study of soils in the Imperial
Valley of similar texture, it does not appear that bypass flow of applied water in these
shrink/swell soils should cause a salinity management problem.

Data taken from Crop Surveys over the past three decades indicate that tree and vine
crops have ranged from 6% up to 8% of the irrigated land in the South Delta, field crops
from 31% down to 24%, truck crops from 19% up to 24%, grain and hay from 19% down
to 7%, and pasture from 24% up to 34%. Of the predominant crops identified in the
Crop Surveys the salt sensitive crops are almond, apricot, bean, and walnut with bean
being the most sensitive with a salt tolerance threshold of EC, =1.0 dS/m. Thus, to
protect the productivity of all crops, bean yield must be protected against loss from
excess salinity. It is unfortunate that the published results on the salt tolerance of bean
are taken from five laboratory experiments conducted more than 30 years ago. In
addition, there are no data to indicate how the salt tolerance of bean changes with
growth stage. With such an important decision as the water quality standard to protect
all crops in the South Delta, it is unfortunate that a definitive answer can not be based
on a field trial with modern bean varieties.
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One of the shortcomings of some leaching requirement models is the failure to account
for effective rainfall to satisfy a portion of a crop’s evapotranspiration. The DWR study in
the Central Valley makes it possible to estimate effective rainfall from winter rains. This
information is used in the steady-state model prepared for the South Delta in Section 5.

Based upon the 2007 DWR crop survey it appears that about 39% of the South Delta is
irrigated by borders or basins which have an average irrigation efficiency of about 78%,
46% is irrigated by furrows with an average efficiency of 70%, and 8% is irrigated by
sprinklers (75 % efficiency) and/or micro-irrigation (87 % efficiency). The irrigation
method on about 7% of the irrigated land was not identified. Thus, on average, the
overall irrigation efficiency in the South Delta is about 75 %. With so little irrigation by
sprinkling it is reasonable to assume that foliar damage is not a concern.

One of the important inputs to most steady-state and transient models is the crop water
uptake distribution through the root zone. The distribution used in some models is the
40-30-20-10 uptake distribution but the exponential distribution has also been used. In
comparisons of steady-state model outputs with experimentally measured leaching
requirements, both distributions worked satisfactorily but the exponential distribution
agreed a little better with the experimental results. In the model developed for the
South Delta (see Section 5) both distributions were used. However, the exponential
model is recommended because it agrees more closely with transient model results
than the 40-30-20-10 model.

It has been shown experimentally that hot, dry conditions cause more salt stress in
plants than cool, humid conditions. A comparison of temperature and humidity between
the South Delta and Riverside, CA, where most salt tolerance experiments have been
conducted, showed the South Delta to be slightly cooler and more humid than
Riverside. Thus, the tolerance of crops to salinity may be slightly higher in the South
Delta than many published results.

Two analyses of the waters reported in Section 2.2 would result in an additional 5 %
being added to the salt load from salts being weathered out of the soil profile at leaching
fractions of about 0.15. Therefore, the salt load in the soil profile and in the drains would
be higher than expected from the irrigation water alone. This may cause L estimates to
be a little lower than might be expected in the absence of salt dissolution from the soil
profile.

The depth to the water table in the South Delta appears to be at least 3 feet with much
of the area having a groundwater depth of at least 5 feet. Subsurface tile drains have
been installed in the western portion of the South Delta to maintain the water table at an
acceptable depth for crop production. With the water table at these depths, any
significant water uptake by crop roots would be restricted to deep-rooted and more salt
tolerant crops like cotton and alfalfa.
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Estimates of leaching fraction were made based upon the salinity of tile drain discharge
from a large number of drainage systems and a few soil samples taken at various
locations in the South Delta. Combining all of these calculated leaching fractions it
appears that the leaching fractions in the South Delta, with perhaps a few exceptions,
average between 0.21 and 0.27. Minimum leaching fractions ranged from 0.11 to 0.22.

6.2. Using Models to Determine Water Quality Standards

A number of steady-state and transient models have been developed to calculate the
leaching requirement which can also be used to estimate a water quality standard. At
least five different steady-state models have been published. When the steady-state
models are compared with experimentally measured leaching requirements for 14
crops, the exponential model agreed most closely with the measured values. This
conclusion is supported by the comparisons made between steady-state and transient
models by Letey (2007) and Corwin et al. (in press).

If the steady-state model based on an exponential crop water uptake pattern is applied
considering rainfall, the water quality standard, based on median annual rainfall, could
be 1.0 dS/m at a leaching fraction of 0.15 and 1.4 dS/m at a leaching fraction of 0.20.
Considering the variability of rainfall, no loss in bean yield would occur even at the
lowest annual rainfall amounts from 1952 to 2008 if the leaching fraction was higher
than 0.20 with an EC; of 1.0 dS/m. At a leaching fraction of 0.15, yield losses would be
predicted at rainfall below the median value of 10.5 inches. At the 5 percentile for rain,
yield loss would be 5%.

Using the steady-state model with the 40-30-20-10 crop water uptake distribution and
taking the median rainfall of 10.5 inches into account, the water quality standard could
be 0.8 dS/m at a leaching fraction of 0.15 and 0.9 dS/m at a leaching fraction of 0.20.

The leaching fraction in the South Delta based upon drain discharge and soil sampling
averages between 0.21 and 0.27, with perhaps a few exceptions. Anecdotal evidence
of relatively high leaching fractions are the irrigation efficiencies estimated to be 70% for
furrow irrigated beans and an overall irrigation efficiency of 75% for the South Delta.

Four transient models were reviewed. The Grattan model which uses a 40-30-20-10
water uptake distribution was applied to a watershed near Davis, CA. No verification of
this model has been attempted. The Corwin model, called TETrans, is a functional,
layer-equilibrium model. The model was tested using data from the Imperial Valley, CA.
The Simunek model, called UNSATCHEM, is a sophisticated, mechanistic, numerical
model. Although not developed to determine the LR, it can be altered to do so. This
model was also tested on data from the Imperial Valley. Letey and co-workers
developed the ENVIRO-GRO model. This model contains a sophisticated equation to
compute crop water uptake. Letey’s model was tested on a corn experiment conducted
in Israel.
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Results from the Grattan model indicated that the water quality standard could be 1.1
dS/m for the watershed near Davis, CA. Using information from the Imperial Valley,
Corwin and co-workers noted that steady-state models over-estimated the L, compared
to transient models, but only to a minor extent. Based upon the conclusion of Letey
comparing steady-state and transient models, the water quality standard could be
raised to 1.0 dS/m. This assumes that the salt tolerance of bean is to be used to protect

irrigated agriculture.

All of the models presented in this report predict that the water quality standard could be
increased to as high as 0.9 to 1.1 dS/m and all of the crops normally grown in the South
Delta would be protected. This finding is substantiated by the observation that bean is
furrow irrigated with an irrigation efficiency of about 70 % which results in a high
leaching fraction.
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7. Recommendations

1. If the salt tolerance of bean is to be used to set the water quality standard for the
South Delta, it is recommended that a field experiment be conducted to ensure that the
salt tolerance of bean is established for local conditions. The published data for bean
are based on five laboratory experiments; one in soil, three in sand, and one water-
culture. All five laboratory experiments were conducted more than 30 years ago. There
may well be new varieties grown that under local conditions might have a different salt
tolerance than the one published.

2. If the water quality standard is to be changed throughout the year then the salt
tolerance of bean at different growth stages (time of year) needs to be determined. No
published results were found on the effect of salinity on bean at different stages of
growth. This type of experiment can best be conducted at the U. S. Salinity Laboratory
at Riverside, CA where the experimental apparatus and previous experience on
studying salt tolerance at different stages resides.

3. If a steady-state model is to be used to determine the water quality standard, it is
recommended that either the exponential or the 40-30-20-10 model be used with the
inclusion of effective rainfall as part of the applied water. As reported in Section 5, the
40-30-20-10 model gives a more conservative water quality standard than the
exponential model (1.0 dS/m for the exponential versus 0.8 dS/m for the 40-30-20-10
model at a leaching fraction of 0.15 for bean as an example.)

4. Transient models have a number of advantages over steady-state models. Of course
the major advantage is that transient models account for time dependent variables.
These variables include considering crop rotations, double cropping, and intercropping;
changes in irrigation water quality and quantity and rainfall. The major disadvantage is
that far more data are required. Transient models are currently under development but
very few checks of their validity against field data have been accomplished. It is
recommended that support be given to the testing of one or more of these models using
data from the South Delta.

5. To estimate the leaching fraction in the South Delta, data from agricultural
subsurface drains were used. It was not clear for some of the reported drains whether
the drain discharge was a combination of irrigation return flow and subsurface drainage
or subsurface drainage alone. To make the collected data useful for calculating leaching
fraction, it is recommended that the source of the drain discharge be identified. It would
also be helpful to know the area drained by the various systems.

6. The concentration of boron in surface water and in the subsurface drain discharge is
a possible concern because the boron threshold tolerance for bean is 0.75 to 1.0 mg/I. It
is recommended that this concern be studied to determine if there needs to be a boron
objective for the surface waters in the South Delta.
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Appendix A: Summary of Public Comments Received by
September 14, 2009 and Written Responses

Eight comments letters regarding the July 14, 2009 draft of this report were received
from the public by September 14, 2009. The following is a summary of the comments
received followed by a response to each.

Comment Letter #1: Central Valley Clean Water Association
September 14, 2009

Comment #1.1

CVCWA encourages the State Board to coordinate this process for the development of
South Delta objectives with the Central Valley Salinity Alternatives for Long-Term
Sustainability (CV-SALTS) process

Response:
| agree that the State Board should coordinate the development of South Delta

objectives with the Central Valley Salinity Alternatives for Long-Term Sustainability but it
is not within the purview of this report to make the recommendation. It is for the State
Board to decide.

Comment #1.2

The final report should clearly separate the two major recommendations, the first being
the recommended model for use in the State Water Board’s current revaluation of
salinity objectives, and the second being the additional study and investigation required
to address uncertainty of evaluating salinity objectives.

Response:
In Section 7, Recommendations, the two major recommendations are separate. With

respect to the recommended steady-state model to use (see Recommendation 3), the
exponential or the 40-30-20-10 model with inclusion of rainfall is recommended. If one is
to be chosen, then the exponential model is less conservative. With respect to the
transient model to be used (see Recommendation 4), no one or two models has been
developed and tested at this time to show that it is superior to the exponential steady-
state model for modeling large irrigated areas over a long time period. There are two
groups of scientists currently comparing a number of transient models to ascertain
which one is best for long-term evaluations for a given irrigated area. The additional
studies recommended to clarify the salt tolerance of salt sensitive crops are given in
Recommendations 1 and 2.

Comment #1.3

CVCWA is concerned the report is too conservative and recommends adding a list of
the conservative assumptions made in selecting model parameters, so there will be
confidence that the modeled result will be protective of the irrigation use without being
needlessly stringent.
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Response:
It is true that the climate in the South Delta is slightly less stressful than Riverside, CA

where many of the salt tolerance experiments were conducted. However, no
experiments have ever quantified the impact of a slightly different climate on crop salt
tolerance. With all of the differences in cultural and irrigation practices the small climate
differences are insignificant. With respect to leaching fraction, there is a fairly large
impact on the water quality objective depending on the appropriate leaching fraction
being chosen. With the additional subsurface drainage information from the New
Jerusalem Drainage District now included in Section 3.13 and the realization that the
soil samples reported on by Meyers and colleagues in 1976 were taken during a severe
drought period, the leaching fractions appear to be between 0.20 and 0.30. These
values are consistent with the irrigation efficiencies in the South Delta averaging 75%.
Thus, the modeling results reported in Section 5 now include values for leaching
fractions of 0.15, 0.20, and 0.25 for all three crops modeled and 0.07 and 0.10 for
alfalfa. It would appear that a leaching fraction of 0.25 may be a very good estimate of
the degree of leaching that has been occurring in the South Delta over the past few
decades and a leaching of 0.15, used previously is too low except perhaps for alfalfa.
Other assumptions in the modeling efforts are best management practices that include
prevention of crop water stress, adequate fertility, and avoidance of insects and
diseases. The dissolution of salts from the root zone (5 to 10% of total amount of salinity
leaving the root zone) was ignored which would increase the leaching fraction if taken
into account.

Comment #1.4

The endpoint selected for the model is not reasonable. Consideration should be given
to determination of a reasonable yield target that reflects some level of risk. The
historical yield generated by the model for conditions where the irrigation water quality is
not a factor should be the benchmark for the year.

Response:
No farmer strives to receive a crop yield less than 100%. There are numerous

management and weather uncertainties, in addition to salinity, that may reduce yields
below 100%. To consider a water quality standard that would result in yields below
100%, please refer to Figures 5.9 and 5.10 for bean and Figures 5.13 and 5.14 for
alfalfa and Figures 5.17 and 5.18 for almond.

Comment #1.5
The report should also consider the reasonable water quality objectives for winter
irrigation of alfalfa.

Response:
As several have suggested, the water quality standard for the irrigation of alfalfa outside

of the growing season for bean has been added to Section 5. The water quality
standard for almond, a perennial crop more salt sensitive than alfalfa, has also been
added to Section 5.
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Comment #1.6

The steady state models calculate more conservative salinity requirements due to the
fact that they cannot account for the natural variations that occur in the growing cycle.
Therefore, in the event the State Board determines the use of a steady state model is
appropriate for the current salinity objective evaluation, the specific model should be
carefully selected.

Response:
It is true that steady-state models, like the recommended exponential model, are more

conservative than transient models appear to be. However, if bean is more salt sensitive
during the early growing season than the cropping season average used in the model
then the exponential model may not be conservative and may in fact put the crop at risk.
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Comment Letter #2: Eric Soderlund, Staff Counsel, DWR
September 14, 2009

General Comments:

For the most part, DWR supports the Study Report’s conclusions and
recommendations. The Study Report provides strong evidence that existing soil and
irrigation water conditions in the southern Delta are favorable for growing agricultural
crops, including beans, and that the current salinity objectives are overly protective.

Comment #2.1

Regarding a field experiment to determine the salt tolerance of bean for local conditions,
DWR does not believe that such an experiment should delay the current review and
potential modification process. The current state of knowledge demonstrates that a 0.7
EC objective is not necessary to protect agriculture in the southern Delta. The SWB
could address results of the experiment as part of a future periodic review.

Response:
| am not aware of how quickly the State Board will decide on a revised water quality

objective. | agree that the results of this report give adequate justification for the State
Board to change the water quality objective. A field study like the one | am
recommending will take 3 to 5 years to conduct. If the results of the field experiment are
significantly different than the conclusions of this report the State Board could certainly
change the water quality objective based on the field results.

Comment #2.2

In the Study Report, the table of crop acreages based upon DWR’s land use surveys
does not accurately reflect the acreages of crops that were mapped. The corrected
crop acreages are provided in four tables, one for each land use survey.

Acreage discrepancies shown in Table 2.2 of the report from crop acreage data
acquired from the San Joaquin County Agricultural Commissioner may have resulted
from a situation where multiple polygons represent a single field. The digital maps
developed by the Ag. Commissioners are used to track pesticide application permits
and more than 10 polygons may be stacked at a single location, which can generate
errors if the polygons are used to calculate crop acreages.

DWR recommends reprocessing the land and soil data to provide a more accurate
summary of the relationships between soil characteristics and crops since some field
beans and other crops were not represented in this analysis.

Response:
The revised crop acreages based upon DWR’s survey have now been inserted into

Tables 2.2 and 2.3 and the correct values are now used throughout the report.
Providing the irrigation method used for the various crops in the 2007 crop survey is
now used to improve the estimates of the irrigation methods in Section 3.6.
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Comment #2.3

In section 2.21, the relationship between the two electrical conductivity units is not clear.
The numbers representing a given salinity value are 1000 times larger when you use
microSiemens per centimeter because the unit is smaller (units of microSiemens per
centimeter are 1000 times smaller than deciSiemens per meter).

Response:
Thank you for pointing out this error in grammar. The sentence in Section 2.21 now

reads “The numerical values in units of microSiemens per cm are 1000 times larger
than the numerical values in units of deciSiemens per meter.

Comment #2.4

In section 3.5.2, Table 3.6, a value of 13.8 for mean annual precipitation is probably
high for the South Delta since the area is in the rain shadow of Mount Diablo. Refer to
the Soil Survey of San Joaquin County, California, published by the USDA Natural
Resources Conservation Service for a more detailed map of average annual
precipitation for this area.

Response:
The value of 13.8 inches averaged from data published by MacGillivray and Jones

(1989) is too high for the South Delta. However, in Section 5 the precipitation measured
at the Tracy-Carbona Station #8999 was used to model the South Delta crops. The
median annual precipitation was 10.5 inches (see Table 5.1).

Comment #2.5
In section 3.12.1, Figure 3.16, please label the two lines representing different soil
textures.

Response:
Thanks for finding this omission. The upper line in Figure 3.16 is for the California

results and the lower line is for Texas. The correlation coefficient of 0.96 for the Texas
data was also omitted.

Comment #2.6

In section 5.2, Table 5.1, while one might expect the required irrigation water to be the
same when no precipitation is included in the model, but not more when precipitation is
taken into account.

Response:
In Table 5.1, the irrigation amount each year is always more when precipitation is

assumed to be zero than when precipitation is taken into account (compare column |4
with column 1,).
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Comment Letter #3: Melissa A. Thorme, Special Counsel, City of Tracy
September 14, 2009

Comment #3.1

The City of Tracy (City) disagrees with the statement on page 1 of the report that the
southern Delta salinity objectives “were not substantively changed in the 2006 Bay-
Delta Plan.” The Bay-Delta Plan modifications made in 2006 changed the application of
the electrical conductivity (“EC”) objectives to all regions of the southern Delta, rather
than just to the previous four compliance points specified in earlier versions of the Plan.
In addition, the Bay-Delta Plan in 2006 imposed compliance with the EC objectives on
municipal dischargers for the first time without having undertaken the mandatory
analysis required by Water Code section 13241. To make the report more accurate, the
City suggests including the following at the end of the first sentence in the third
paragraph at section 1.2 on page 1: “...was not available on which to base changes.
However, the application of these objectives was modified to apply throughout the
southern Delta and to additional discharge sources.”

Response:
The underlined sentence in Comment #3.1 was added to Section 1.2.

Comment #3.2

The State Water Board should measure EC objectives in microSiemens per centimeter
(MS/cm) or deciSiemens per meter (dS/m), which are more updated units of
measurement.

Response:
| agree with Comment #3.2 and personally prefer deciSiemens per meter (dS/m).

Comment #3.3

Report should incorporate historic data showing salinity levels prior to water supply
improvements to the Delta shown in Figure 2.1 to get a more accurate picture of the
salinity in the Delta over time.

Response:
The Report focuses on what the salinity objective should be in the future. Figure 2.1 is

presented only to indicate what the salinity of surface water has been in recent years.
There are many references that provide historical data.

Comment #3.4

State Water Board should take note that southern Delta waters are not impaired for EC
over the long term, and should consider revising EC objectives to be long term
averages that would still be protective.

Response:
| agree with this comment but the State Water Board may wish to change the EC

objective during the year in a fashion similar to what is currently being done.
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Comment #3.5

Federal law allows once in three year exceedance of all objectives, and criteria set to
protect aquatic life are set at the 95™ percentile and are not generally based on the most
sensitive species, therefore, Dr. Hoffman should incorporate the 95 percentile values
in the analysis due to the fact that 100% protection is not required by law.

Response:
No farmer wishes to achieve less than 100% crop yields. Thus, the emphasis in this

report is the requirements to obtain full crop production. If one wanted to note the EC
objective to obtain less than 100% yield the values can be determined from the graphs
in Figure 5.9 for bean, Figure 5.13 for alfalfa, and Figure 5.17 for almond. For example,
the EC objective to achieve 95% yield of beans at a leaching fraction of 0.15 would be
1.25 dS/m assuming median rainfall and using the exponential model.

Comment #3.6
Due to the fact that Dr. Hoffman found no evidence of sodicity, the State Water Board
should consider the use of the Sodium Absorption Ration (“SAR”) as a better objective.

Response:
| do not understand comment #3.6. The Sodium Adsorption Ratio (SAR) is an estimate

of the severity of excess sodium compared to calcium and magnesium in irrigation or
soil water. The larger the SAR the higher the resultant loss of water penetration into and
through the soil profile. SAR has no meaning in establishing a salinity objective.

Comment #3.7

Dr. Hoffman should opine on whether total dissolved solids (“TDS”), sodium, or other
ions should be used as the proper objective since EC is not a pollutant, just a
measurement of salinity.

Response:
The obijective of this report is to evaluate an objective for salinity, the total dissolved

solids content in the San Joaquin River. Electrical conductivity is an accurate and easily
measured indicator of the amount of total dissolved solids present in water. As stated in
Section 2.2, in excess, salinity, sodicity, and toxicity can all reduce crop yields.
However, the objective of this report was to evaluate salinity. Obviously, if excess
sodium or toxic constituents were present in the water, standards would need to be
determined to protect irrigated agriculture.

Comment #3.8

The proposed 1.0 dS/m EC objective is only needed to protect the most salt sensitive
bean crop that is grown on less than 4,000 acres in the Delta. This 1.0 dS/m level is
rarely exceeded and it would be cheaper for the State Water Board to purchase the land
or buy out the farmers’ right to grow salt sensitive crops than it would be to install
expensive and energy intensive treatment facilities to meet this objective.
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Response:
The obijective of this report is to determine a salinity standard that would be protective of

all irrigated agricultural crops in the South Delta. It is a matter for the State Water Board
to decide upon the prudent steps to be undertaken.

Comment #3.9

Dr. Hoffman should identify the source of the water used on the acreage where the
most salt sensitive crops are being grown as the irrigation water used could be
groundwater and not river water. Further, Dr. Hoffman should include the projected cost
of the updated bean study suggested on page 20.

Response:
Without exception, groundwater taken from beneath an irrigated area will be more

saline than the irrigation water because crops extract nearly pure water from the soil
thereby causing the salinity of the remaining soil water, which eventually becomes
groundwater, to increase. Furthermore, | have no information indicating that
groundwater is being used in the South Delta to irrigate salt sensitive crops. The field
study | propose will not be cheap if it is conducted over at least three years and has
sufficient numbers of treatments and replications to establish the salt tolerance of bean
and perhaps other crops like asparagus during its first year of growth. If a field
experiment is considered by the State Water Board, | will be glad to work with their staff
to determine a budget.

Comments #3.10

Dr. Hoffman should identify any other available water management techniques that
could be utilized to improve leaching to allow higher EC water to be equally protective of
crop yield.

Response:
The objective should not be to increase leaching but to improve water management so

leaching can be reduced. The improvement of irrigation systems and their management
to increase irrigation efficiency and to improve the uniform distribution of irrigation water
are the top means to use less water for irrigation and thereby reduce leaching. Micro-
irrigation and sprinklers are irrigation systems that are presently available that can
increase irrigation efficiency and improve the uniform distribution of irrigation water
compared to furrow and border irrigation methods.

Comments #3.11

If EC objectives are not adjusted, perhaps waste discharge requirements (“WDRs”)
need to be placed on agricultural drains as the average EC from these discharges was
cited as being 1.5 dS/m.

Response:
The question of waste discharge requirements is not within the objectives of this report.
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Comment Letter #4: John Letey
September 9, 2009

Comment #4.1

Although irrigation uniformity affects irrigation efficiency, they are distinctly different and
must be discussed separately. Irrigation efficiency is important in designing irrigation
projects, but irrigation uniformity has significant consequences on irrigation
management.

Response:
| agree that irrigation uniformity and irrigation efficiency are different. | have changed

Section 3.8 of the report to discuss the two terms separately.

Comment #4.2
Equation 3.6 is meaningless because there is no way to accurately relate the salinity at
the bottom of the root zone with crop response to the salinity in the root zone where all
of the action is.

Response:

| agree that equation 3.6 is not a useful equation to prediction the leaching requirement
but it shows how thinking progressed from equation 3.5 to the various steady-state
equations proposed by different scientists as discussed in Section 4.1. The term ECy4 in
equation 3.5 was replaced by ECecs0, 2ECep, and 5EC-EC;in three of the steady-state
equations presented in Section 4.1.

Comment #4.3

Linear averages give equal weight to the very high concentrations at the bottom of the
root zone as to the much lower concentrations where the greatest mass of roots exists.
This averaging procedure provides results that the salinity impact is the least
detrimental of all the steady-state approaches.

Response:

The linear averaging technique is used by the 40-30-20-10 steady-state model but the
other steady-state models do not average salinity values through the root zone. This,
along with comparisons with experimentally determined leaching requirements, is why |
recommend the exponential model over the 40-30-20-10 model.

Comment #4.4
The Grattan transient state model is actually a hybrid that includes steady-state and
transient aspects.

Response:

The Grattan model has been refined recently and has been submitted for publication. It
now is much closer to a transient than a steady-state model.
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Comment #4.5

The 3 relationships presented with the Grattan model in Section 4.2 require clarification.
ECsw and EC. vary with time and depth. At what time and positions are they related to
EC; as presented in the first 2 equations? EC,, = 2 x EC, is only true when the soil-
water content equals the amount of distilled water added to create the saturated extract.

Response:
The three relationships were eliminated because they are not used in the discussion.

Comment #4.6

The numbers in Table 4.2 can be used to conclude that the transient models prescribed
a lower L, than the steady state models. No judgment as to the quantitative difference
can be made because <0.13 could be 0.12, 0.05 or any other number less than 0.13.

Response:

| agree that the differences between steady-state and transient model results reported
in Table 4.2 can’t be quantified. | merely reported the statements made by Corwin et al.
(2007) about the differences between results.

Comment #4.7
Equations 4.1 and 4.2 are mass balance equations and not necessarily steady-state
assumptions.

Response:

Thanks for reminding me of this fact. | changed the text to state that both steady-state
and transient models are based upon equations 4.1 and 4.2.
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Comment Letter #5: DeeAnne Gillick, Attorney at Law, County of San Joaquin
September 8, 2009

Comment #5.1

The County of San Joaquin believes that adequate water quality standards apply within
the Southern Delta and that those standards are already met. More analysis than what
has been given in the report is necessary to accurately evaluate the water quality needs
of agriculture in the south Delta.

Response:
| have now added more analyses in Section 5 pertaining to alfalfa, almond, and different

planting dates for bean. Along with the other analyses already in the report, all of the
results indicate that the water quality standard could be raised in the South Delta.
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Comment Letter #6: Linda Dorn, Environmental Program Manager, SRCSD in
addition to comments submitted by CVCWA
September 14, 2009

Comment #6.1

In the Report, the threshold salinity discussed for all cases is the salinity corresponding
to 100% vyield of crops. Specification of 100% yield as the threshold may not be
necessary to provide reasonable protection for the irrigation use. Salinity in the
southern Delta is strongly related to water year and the actual yield of a crop may be
lower than 100% for reasons other than the irrigation water. To account for the
condition where the crop yield is lowered for reasons other than salinity, the model
should be run at a yield less than 100%.

The Report should be clarified to link the irrigation practice utilized for the target crop to
the selected leaching fraction used in the modeling. Underestimating the leaching
fraction will result in overly stringent irrigation water quality requirements.

The Report could be enhanced by bolstering the discussion on selecting the appropriate
value for both parameters (threshold salinity and leaching fraction) based on the
conditions in the southern Delta and the specific crop under consideration.

Response:
To evaluate the impact of the salinity of the irrigation water on crop yield please refer to

Figures 5.9 and 5.10 for bean, Figures 5.13 and 5.14 for alfalfa, and Figures 5.17 and
5.18 for almond. You may select any crop yield below 100% and note the salinity of the
irrigation that causes a specific yield reduction and the impact of annual rainfall. None of
the steady state models can predict crop yield reductions caused by factors other than
salinity. Transient models can also predict yield reductions caused by water stress but
they are not able to predict crop yield reductions by other factors. The report has been
rewritten to explain how crop yields below 100% can be determined.

Linking the irrigation method with the target crop is an excellent idea. | have tried to do
this by providing the relationship between irrigation water salinity and crop yield for
several leaching fractions in Figures 5.7, 5.8, 5.11, 5.12, 5.15, and 5.16 in the revised
report. With additional information on the actual leaching fractions being achieved over
the past several decades based upon measurements of salinity from subsurface
drainage systems, | have added a leaching fraction of 0.25 to my analyses. It appears
clear that the leaching fractions occurring in the South Delta is probably between 0.20
and 0.30 for large areas of the South Delta where salt sensitive crops are being grown. |
also added results for leaching fractions of 0.07 and 0.10 for alfalfa. As the leaching
fraction increases the water quality standard can be increased.

Comment #6.2

The southern Delta is a complex system and the irrigation requirements may not be the
appropriate water quality objectives for the entire southern Delta.
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Response:
The obijective of this report was to ascertain the water quality standard for irrigation in

the South Delta. Acknowledging that the South Delta is a complex system, factors other
than irrigation were not considered.

Comment #6.3

The Report recommends the use of a steady state model due to issues with each of the
considered transient models. The recommendations should be expanded to link the
additional study necessary for consideration of the different models, as the transient
models are the desired method for determining irrigation requirements.

Response:
Transient models are more accurate than steady-state models, particularly on a

seasonal basis and if significant changes in cropping patterns, water quality, and other
factors occur over time. The steady-state models as proposed here are reasonably
accurate over periods of decades if significant changes are not occurring. The steady-
state model appears to be very reasonable at leaching fractions above 0.15. At least
two groups of scientists and engineers are currently working on comparing the transient
models described here and several others and attempting to resolve which model(s)
should be used. One must keep in mind that transient models require a large amount of
input data which are not always available. It is hoped that within a few years transient
models will have been developed and field tested so that they may be used with
confidence. In the meantime, with the high leaching fractions reported in the South
Delta and the relatively stable cropping pattern and irrigation water quality, the steady-
state model recommended should prove adequate.
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Comment Letter #7: San Joaquin River Group Authority and State Water
Contractors
September 14, 2009

Comment #7.1

The background information on timing and cultural practices of dry beans in the South
Delta needs to be changed to reflect present day practices and that information utilized
in the analysis.

Response:
The analysis has been expanded to include planting dates of April 1, May 1, and June

16. The planting date had no impact on the water quality standard (see the results in
Table 5.3). If pre-plant irrigation is practiced for bean then germination and seedling
emergence could still be a problem if the water quality objective is higher than the salt
tolerance of bean at early growth stages. Thus, the recommendation to determine the
salt tolerance of bean at different stages is appropriate. The crop survey is for the entire
South Delta and it would require some time for DWR personnel to separate the bean
acreage served by the Central Valley Project from the remainder of the South Delta.
With that being acknowledged, some beans are grown using water from the San
Joaquin River. The total acreage is probably not important if the objective is to protect
the most salt sensitive crop.

Comment #7.2
Salinity is likely not the only factor limiting dry-bead yield. Another factor which may be
greater than salinity in the South Delta is boron.

Response:
| have included data on boron concentrations in surface waters in the revised report and

the concentrations are sufficiently high to be a concern. | have added a
recommendation that boron levels in the South Delta be studied.

Comment #7.3

The utilization of a 100% yield potential based on the 1977 Mass and Hoffman analysis
that established crop tolerance curves for major crops is not based on a strong data set
and is likely over conservative. It is recommended that the report strongly advise
against the continued use of this data and recommend that a new curve be established
for dry beans.

Response:
| agree with this comment. My number one recommendation is to conduct a field

experiment to establish the salt tolerance of bean using current cultivars and under the
field conditions representative of where beans are grown in the South Delta. | also
agree that the salt tolerance values for bean may be conservative, but in the meantime,
these values will protect South Delta irrigated agriculture until the experimental results
are known.
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Comment #7.4
A review needs to be conducted of cultural practices presently being used to limit the
potential for salt sensitivity of dry beans at germination such as major pre-irrigations.

Response:
You stated earlier in your comments that pre-plant irrigation is a common practice to

leach the soil profile of salts and to minimize water stress during germination and
seedling emergence. | am not aware of any other cultural practices being employed to
limit salt sensitivity of bean.

Comment #7.5
There is a need to clarify the salt leaching potential of rainfall in the “applied water”
definition.

Response:
This need for clarification was pointed out by another reviewer and the text has been

changed in Section 3.5 to address this comment.

Comment #7.6

There is a need to expand the discussion of actual leaching fraction by using presently
available field data. The Study Report needs to take a closer look at actual leaching
fractions (L) in the Delta

Response:
| agree with this comment and based upon documents provided by this reviewer | have

added a great deal of data on leaching fractions that can be inferred from subsurface
tile drain effluent. Section 3.13.2 has been expanded to provide the inclusion of the
results from analyze of the documents provided.

Comment #7.7

It is unlikely that there will be a reduction in the high leaching fractions being found on
dry bean production today. If a water conservation modeling effort is undertaken similar
high leaching fractions on dry bean production should be assumed.

Response:
| agree with this comment and have therefore added results when higher leaching

fractions are achieved. The current leaching fraction calculations from Section 3.13.2
indicate that leaching fractions above 0.15 are common and generally the leaching
fraction is between 0.2 and 0.3. Thus, leaching fractions of 0.15, 0.20, and 0.25 are
modeled in Section 5.2 for bean, 0.07, 0.10, 0.15, and 0.20 for alfalfa, and 0.10, 0.15,
and 0.20 for almond.
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Comment #7.8

The analysis to show the basis for the winter irrigation season objective and the role of
effective rainfall during the winter irrigation season has been left out of the report. This
analysis needs to be conducted and the impact of winter rains on leaching and salt
control needs to be fully evaluated.

Response:
This is an excellent observation and this comment has been addressed by modeling a

year-long alfalfa crop and almond trees in Section 5.2. Comments regarding the
modeling results are added in Sections 5.2 and 6.2.

Comment #7.9

We support the development of a transient model for South Delta conditions but in its
absence the Study Report should recommend the use of the exponential model over the
40-30-20-10 model.

Response:
The decision on whether the exponential or the 40-30-20-10 model is used is at the

prerogative of the CA State Water Resources Control Board. However, | recommend
that the exponential model be used. | also support the development of a transient model
for the South Delta as stated in my recommendations, Section 7.
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Comment Letter #8 John Herrick, Counsel, South Delta Water Agency
September 14, 2009

Comment #8.1

Protecting for the “most salt sensitive” crop (bean) by reviewing impacts on crop
productivity by the use of saline water might not necessarily be protective for other
crops if other factors affect crop salt tolerance or if the protection of the “most salt
sensitive” crop differs significantly from the protections of other crops under varying
conditions.

Response:
| have added the impact of various water quality objectives on alfalfa, the crop

considered previously for the time of the year when beans are not grown, and almond
trees, a perennial salt sensitive crop grown in the South Delta. The results of this
investigation are given in Section 5.2.

Comment #8.2

The applied water quantity and salinity and timing for each of the varieties of southern
Delta crops must first be determined before you can determine if the same salinity
standard can protect full yield of more than one crop at all times of the year.

Response:
This comment is a follow-up to Comment #8.1 and is addressed in Sections 5.2 and 6.2

for bean, alfalfa, and almond trees.

Comment #8.3

There are a few problems that are largely ignored in the draft Report that include:

1. The achievable leach fraction through and out of the root zone in alfalfa and tree
crops depends on the percolation capacity throughout the deep root zone, and on the
soaking time which is both available and non-damaging to the crop.

2. The existence of stagnant channel reaches occur whenever the flow into south Delta
channels is less than the consumptive use of water in the south Delta. No standard can
be met in stagnant reaches.

3. The lack of adequate allowance for the fact that seedlings and young crop plants are
more salt sensitive than established plants, and that it is typically very difficult to
maintain soil moisture of low salinity in the seedling root zone.

4. Allowance for the assumption that farmers should accept a reduced percentage of
seedling emergence caused by soil moisture salinity. The report makes no analysis of
possible abnormal distribution and/or reduced vigor of seedlings that then do emerge.
There should be some allowance for the uncertainty this imposes on ultimate crop yield.
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Response:
1. The average leaching fractions achievable have been calculated from subsurface

tile drainage systems over a large portion of the South Delta. The lowest leaching
fraction calculated for one year from all of the drains monitored was 0.11 with the
average being between 0.21 and 0.27 depending on the drainage system (see
Section 3.13.2). This is not to say that some fields or portions of a field do not have
a low leaching fraction. Meyer et al. (1976) soil sampling nine different locations
reported only one alfalfa crop on a clay soil with a leaching fraction below 0.1. | have
no information on “soaking” time for problematic soils. However, it is well known that
the rate of water penetration into and through a soil is increased as the salt content
of the water increases. Thus, increasing the water quality objective will decrease the
soaking time.

2. The objective of this report was the water quality objective for the San Joaquin River
and did include stagnant channel reaches.

3. Based upon recent information that a pre-plant irrigation is applied before planting
beans negates the need to establish the salt sensitive during germination and
seedling growth for bean if bean is not more sensitive than the salinity objective
early in the growth period. | recommend that an experiment be conducted to
determine the salt sensitive of bean during germination and for early seedling
growth. | do not know if pre-plant irrigations are applied for other salt sensitive
crops.

4. The report does not assert that a farmer should accept a reduced percentage of
seedling emergence. The report does provide salinity levels that resulted in a 10%
loss of germinating seeds for comparisons among crops. It is true that the report
does not account for abnormal distribution and/or reduced vigor of seedlings. With
pre-plant irrigation the problems of poor emergence should be minimized.

Comment #8.4

A paper by Dr. Gerald Orlob shows that 40% of the lands in the southern Delta are
classified as “slow” permeability. This means that when water is applied, it soaks into
and through the soil at a very slow rate; <0.2 inches per hour. Such extremely slow
rates hamper the ability to achieve the leaching fractions discussed and assumed in the
draft Report.

Response:
As state above, all of the analyses from subsurface drainage systems indicate relatively

high leaching fractions. However, recognizing that alfalfa has a high water requirement
(about 50 inches annually) and is frequently grown on slowly permeable soils, results
have been added to Section 5.2 for leaching fractions of 0.07 and 0.10. Also, as the
salinity of the applied water increases, the infiltration and water penetration rate
increases which should benefit soils of “slow” permeability.

Comment #8.5

Groundwater levels vary greatly depending on the distance to the neighboring channels,
and the relationship to sea level and tidal flows. In certain portions of the Delta, the land
is at or below sea level; hence, without an ongoing drainage system at work, the ground
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water will rise to or above the land surface. This results in salts that collect and are
repeatedly reintroduced into the very zone that needs to be flushed. Therefore,
“‘normal” irrigation practices will not result in the leaching of the salts.

Response:
If no leaching occurs the soil will become saline and no crops can be grown. If “normal”

irrigation practices will not result in leaching then other methods must be found or the
land will have to be abandoned. As pointed out, a drainage system may need to be
utilized to maintain crop productivity.

Comment #8.6
Should the lowest permeability in the profile be used, especially for deep-rooted crops
like alfalfa or trees? (Referring to table 2.1 in report)

Response:
Table 2.1 was intended to show some of the physical properties of the soils in the South

Delta. The Table was not developed to show soil properties below the surface layer.

Comment #8.7
Generalizations on groundwater cannot be made due to the fact that groundwater levels
exhibit regular and significant fluctuations due to tidal effects.

Response:
| have no information on the impact of tides on groundwater depths. However, the data

in Table 2.1 and Section 3.12.2 would include the normal influence of the tides at the
location of the measurements.

Comment #8.8

There is a lack of confidence in the Chilcott, Montoya and Meyer data. The Montoya
2007 report attempts to identify agricultural discharges as “sources” of salt load and
concentration, when in fact virtually all of the salt originated from the activities of the
CVP in upstream areas. The report is a synthesis of old information and is not current
or reliable.

Response:

| have updated the drainage effluent information and the resultant leaching fractions and
added information from the New Jerusalem Drainage District and the drainage sump at
Tracy Boulevard in Section 3.13.2. All of the drainage effluent and the resultant leaching
fractions are relatively consistent. The data for New Jerusalem goes from 1977 to 2005.
In addition, only data from drains that were only for subsurface tile drains are included in
Table 3.10.
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